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SUMMARY 
The drift velocities, mobilities, and longitudinal diffusion 
coefficients of K + ions in various gases were measured as a function 
of the energy parameter E/N, where E is the magnitude of the electric 
field strength and N is the number density of the gas molecules. The 
ion-gas combinations investigated were K + in He, Ne, Ar, K^* ®2> ^* an<* 
CO2. The apparatus used in this experiment was a drift tube mass spec­
trometer of ultra-high vacuum construction. Ion swarms were repetitively 
gated into the drift region which contained the neutral gas that was 
held at a predetermined pressure. Concentric guard rings provided a 
static, uniform, electric field directed along the axis of the drift 
tube. The ion cloud quickly assumed a steady-state drift velocity in 
the field direction, and the ion population diffused both transversely 
and longitudinally to the axis. After the ions traversed a known dis­
tance, they were mass selected, individually detected, and sorted ac­
cording to total drift time. A histogram of ion arrival times was built 
up and analysis of the spectrum yielded the drift velocity and hence the 
mobility. Comparison of the shape of the spectrum to the results of a 
mathematical model determined the longitudinal diffusion coefficients. 
The measured zero-field reduced mobilities in cm /V-sec for K 
in each gas were: He (21.6 ± 0.4), Ne (7.43 ± 0.15), Ar (2.66 + 0.05), 
H 2 (13.1 ± 0.3), 0 2 (2.72 ± 0.05), NO (2.28 ± 0.05), and C0 2 (1.45 ± 0.03). 
Omega, or collision, integrals were calculated from the mobility data 
using the theory of Viehland and Mason, and the results compared favorably 
with omega integrals obtained from beam experiments. A comparison was 
made between the measured longitudinal diffusion coefficients and theore­
tical predictions. 
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CHAPTER I 
INTRODUCTION 
Shortly after Roentgen discovered X rays in 1895, J. J. Thomson, 
Ernest Rutherford, and J. S. Townsend began to investigate the strange 
phenomenon of conductivity in gases. Their work marked the beginning of 
the field of gaseous electronics and transport phenomena of ions in gases. 
Although these early investigators were handicapped by a lack of advanced 
electronic and vacuum technology, they managed to obtain some useful mea­
surements of the drift velocities of gaseous ions and they gained con­
siderable qualitative knowledge about the subject. However, it was not 
until the 1930's when Tyndal made a series of drift velocity measurements 
that we had any very reliable data on transport properties. Since its 
beginning, the history of the field has seen experiment and theory proceed 
at different rates with one leading the other for a while and then vice 
versa. At present we believe that experiment has advanced to the point 
where the data are now accurate enough over a wide range of experimental 
parameters to be used for much improved calculations of interaction poten­
tials. The availability of highly reliable data coupled with recent ad­
vances in the theory should bring about a much better understanding of 
the physical processes involved in transport phenomena. 
One of the most fundamental concepts in the study of transport 
properties of ions in gases is that of a drift velocity, denoted v.. 
2 
Consider a neutral atomic or molecular gas of number density N at thermal 
equilibrium, i.e., obeying the Maxwell velocity distribution law. Now, 
introduce a static electric field which is uniform throughout the volume 
of gas. A localized cloud or swam of non-interacting ions placed in the 
gas will then move in the field direction, with each individual ion on 
the average losing some of its energy upon collision with a gas particle 
and gaining energy from the field between encounters. A balance between 
the gain and loss of energy on the atomic level leads to a macroscopic 
steady state in which the center of mass of the ion cloud assumes a con­
stant drift velocity v, in the field direction. One can picture an ion 
d 
as having this drift velocity superimposed upon the random motion produced 
by many collisions. 
locity distribution tends to Maxwellian, and the drift velocity becomes 
The constant of proportionality is termed the zero-field mobility, and is 
2 
usually expressed in units of cm /V-sec. Since K varies inversely with 
N , it is convenient when comparing data to use a reduced mobility KQ 
given by 
When the electric field intensity E* approaches zero, the ionic ve-
proportional to E , that is 
v = K E . 
d 
(1-1) 
K Q = K 
P 273.16 (1-2) 760 T 
where P is the pressure of the gas in Torr and T is the temperature in 
3 
degrees Kelvin at which the measurement was made. The zero-field reduced 
mobility will be denoted by K Q ( 0 ) . As E is increased above the zero-
field regime, the ratio v^/E no longer remains a constant but becomes a 
function of the parameter E/N expressed in units of the Townsend (Td), 
- 1 7 2 
where 1 Td is 1 0 V-cm . Is is still conventional to call the ratio 
v^/E the mobility and measure it over a wide range of E/N. A useful 
relation between these parameters is 
v d = 0 . 0 2 6 8 7 K Q E / N , ( 1 - 3 ) 
4 2 
with E / N in Td, v^ in units of 1 0 cm/sec, and KQ in cm /V-sec. It can 
be seen from the theory that the quantity E / N determines the transport 
coefficients and in particular the average energy gained from the field 
between collisions. 
When the ion cloud is localized, there is necessarily a gradient 
in the ionic number density n. Therefore, diffusion of the ion swarm 
will occur. For isotropic space and small gradients in the number density 
(i.e., E = 0 ) , Fick's Law, 
t = - DVn , ( 1 - 4 ) 
relates the ionic current density j to the spatial gradient via a scalar 
diffusion coefficient D. Under such conditions a relation exists between 
D and K called the Einstein or Nernst-Townsend equation, 
( 1 - 5 ) 
4 
Here e is the charge on an electron and k is Boltzmann's constant. As 
we move out of the zero-field region of E/N, D becomes a tensor of the 
form 
D = 
D T 
0 0 
0 Dm 0 T 
0 0 DT L 
(1-6) 
if E is directed along the z axis. D and D are numbers called the trans 
1 Li 
verse and longitudinal diffusion coefficients, respectively. Eq. (1-5) 
is no longer valid outside the zero-field range. As might be expected, 
D, is usually greater than Dm due to the influence of the electric field. 
Li L 
Both coefficients are inversely proportional to the gas number density, 
and to eliminate this explicit dependence experimental data are reported 
as the product ND^ and NDm. 
Review of Past Research 
Charge carriers drifting through a neutral gas may undergo several 
processes through which their identity changes. The ion may transfer its 
charge to an impurity or the neutral molecule in the gas or participate 
in an ion-molecule reaction which produces an entirely new type of ion. 
A neutral gas molecule may also attach itself to the ion to form a cluster 
which may alternately break up and reform. The necessity for positive 
identification of the ionic species is apparent. The work on mobilities 
and diffusion coefficients prior to the early 1960's was done without the 
benefit of direct mass analysis of the observed ion, and hence much of 
5 
these data are unreliable. With the advent of the drift tube mass 
1 2 
spectrometer of McDaniel ' the problem of proper ion determination was 
largely eliminated. 
There are situations, however, in which fairly dependable mobil­
ities have been measured in drift tubes lacking mass spectrometers. Usu­
ally these experiments have been done with the alkali ions which are pro­
duced thermionically from certain mineral substances like Kingman feldspar 
and others. These ion sources emit predominantly one type of ion with 
traces of the other alkalis, so that the experimenter can be reasonably 
sure of the identity of his ions. Although the alkali ions have only a 
small tendency to undergo ion-molecule reactions due to their closed shell 
structure, at high pressures and low E/N clusters of K + ions in CO^, NO, 
3 
CO, N 2> 0^3 and Ar have been observed in drift tube mass spectrometers. 
Thus, even with alkali ions, there is still the danger of mistaking the 
identity of the ion. 
In the late 1930's Tyndall+ made a series of mobility measurements 
on alkali ions in various gases without benefit of direct mass analysis, 
and he obtained reliable zero-field reduced mobilities in most cases. 
2 + 
These values in cm /V-sec for K ions in gases of interest in this experi­
ment are given in parentheses after the gas: He(21.5), Ne(7.50), Ar(2.63), 
H 2(12.7), and N 2(2.53). The variation with E/N was not reported. 
The next dependable data were those of Crompton and Elford in 
1959^ on the mobility of K + in N 2 and Ne at 294°K. They used the elec-
trical shutter method of the type developed by Bradbury and Nielsen. 
A mass spectrometer was not employed. The zero-field reduced mobilities 
2 
obtained for N 9 and Ne were 2.54 and 7.42 cm /V-sec, respectively. The 
6 
Ne measurements involved pressures of 3.3, 4.6, and 12.5 Torr with the 
range of E/N extending from about 4 to 30 Td. 
Elford^ in 1967 measured the mobility of K + in H 2 at 293°K as a 
function of E/N in the interval from 0.6 to 91 Td. The zero-field reduced 
2 
mobility obtained was 12.75 cm /V-sec. The apparatus was a Bradbury-
Nielsen type drift tube without provision for direct mass analysis; how­
ever, Elford made independent checks of similar ion sources with a quad-
rupole mass spectrometer and found predominantly K + ions with a 1% trace 
of Na +. He also saw no indication of clustering in this work. Again 
8 + 
Elford in 1971 made some interesting measurements for K ions in He, Ne, 
Ar, H2J and N 2 in which, contrary to current theoretical predictions, an 
explicit pressure dependence of the reduced mobility was observed. 
9 
Gatland explained the anomaly in terms of diffusion effects and reversible 
reactions involving clustered ions. However in a later paper Elford and 
Milloy^ reexamined the effect and attributed it to the formation of ion-
atom or ion-molecule complexes in orbiting resonant states. In the case 
of N 2> formation of clusters was found to be responsible for the pressure 
effect. The measurements reported in this paper were made on K + ions in 
He, Ar, H 2, and N 2, and the zero-field reduced mobilities were found to 
be 21.3 ± 0.2, 2.64 ± 0.02, 12.8 ± 0.1, and 2.50 ± 0.02 cm2/V-sec, 
respectively. The pressure range was 1.4 to 190 Torr, and E/N varied 
between 1 and 28 Td. 
Fleming, Tunnicliffe, and Elees,^ using a Bradbury-Nielsen drift 
tube, in 1969 reported the mobility of K + in H 2 for E/N between 3 and 200 
Td. The gas pressures ranged from 0.63 to 13.3 Torr and the temperatures 
from 290 to 300°K. Direct mass analysis of the ions was not made, but 
7 
an independent check of the source in a mass spectrometer under conditions 
similar to those in the drift tube showed the ions to be K +. The zero-
2 
field reduced mobility was found to be 12.70 ± 0.1 cm /V-sec, which is 
in good agreement with previous work. Fleming, et al., also measured the 
transverse diffusion coefficient for 1.5 ^ E/N ^ 350 Td. 
2 12 
Starting with Albritton and Miller in 1968, the group at the 
Georgia Institute of Technology has made an extensive study of the trans­
port properties of slow ions in gases. The apparatus employed in these 
measurements has been a drift tube mass spectrometer providing direct 
2 
mass analysis of the observed ions. Albritton obtained the mobilities 
for K + in H 2 for E/N between 1.59 and 143 Td. The zero-field reduced 
2 12 + 
mobility obtained was 12.9 cm /V-sec. Miller remeasured K in H 2 over 
a much larger range of E/N (1.41 to 422 Td) for pressures in the range 
0.035 to 0.950 Torr and obtained a zero-field K Q of 12.8 ± 0.6 cm /V-sec. 
13 + 
Moseley in 1969 measured the mobility of K in N 2 over a large 
range of E/N and confirmed the results of earlier experimenters not using 
mass analysis techniques. In this work Moseley also reported the first 
measurements of longitudinal diffusion coefficients for K + ions in a gas. 
14 
Snuggs (1971) obtained the mobilities and longitudinal diffusion co­
efficients for K + in 0 2 . His mobility for the zero-field case was 
2 
2.68 ± 0.07 cm /V-sec. The energy parameter E/N varied from less than 
2 Td to slightly more than 300 Td for the mobilities and for ND the 
Li 
range was 3.4 to 308 Td. In work also done on the Georgia Tech drift 
15 + 
tube, Volz made similar measurements of K in NO in 1971 over a substan­
tial variation of E/N; however, his low-field longitudinal diffusion 
8 
coefficients exhibited considerable scatter, and the agreement with the 
Einstein value was not good. 
1 6 
In 1 9 7 3 Skullerud investigated the motion of K ions in Ar using 
4 
a modified Tyndall-Powell type double shutter drift tube with drift dis­
tance variable from 0 to 5 cm. No mass analysis was employed, but pres­
sures between 0 . 1 4 and 1 . 0 Torr were used so that clustering was likely 
to be unimportant. The mobilities and longitudinal diffusion coefficients 
were measured over a large range of E/N, 2 2 . 9 to 7 9 3 Td. They are the 
only data in the high field region for comparison with the Ar measurements 
done at Georgia Tech to be presented in Chapter IV. Skullerud quotes an 
accuracy of ± 107O on the values of NDT . 
3 
Again at Georgia Tech, Thomson, et al., studied potassium ions 
in N^  and CO, both over ranges of E/N from about 4 to 6 4 0 Td. The longi­
tudinal diffusion coefficients obtained were compared with the Wannier"^  
predictions, and agreement at low and intermediate E/N was seen to be 
quite good. However, for high electric fields the experimental points 
fell significantly below the theory for both N^  and CO. At the higher 
ionic energies, ion-molecule interactions which are not taken into account 
by the theory become significant and probably lead to the discrepancy. 
To gain further knowledge about the validity of the Wannier theory, James, 
1 8 + et al., ( 1 9 7 3 ) measured KQ and for K in Ar from 1 to 6 1 0 Td. Again 
low and intermediate field values of NDT agreed well with the Wannier 
Li 
theory, but at high fields a similar depression of the diffusion coeffi­
cient was observed. Agreement with the data of Skullerud confirmed the 
1 9 
observation. Keller, Beyer, and Colonna-Romano ( 1 9 7 3 ) found the zero-
+ 2 field reduced mobility for K in Ar to be 2 . 7 3 ± 0 . 0 6 cm /V-sec measured 
9 
at 310°K. 
Using the Bradbury-Nielsen technique Creaser in 1974 obtained 
+ 
the mobilities of K in He, Ne, and Ar at room temperature. His zero-
2 
field reduced mobilities were 21.5(He), 7.41(Ne), and 2.67(Ar) cm /V-sec. 
The pressure was varied from 0.543 to 3.1 Torr and E/N from 9 up to 107 
Td in the case of Ar. Spot checks on the identity of the observed ions 
were made with a quadrupole mass filter incorporated into the apparatus. 
Also in this paper Creaser derived the ion-atom interaction potentials 
21 
using his mobility data and the Kihara theory as presented by Mason 
22 
and Schamp. 
In an important paper appearing in 1953 Wannier"^ made considerable 
advances in the theory of transport phenomena of gaseous ions moving in 
strong electric fields. In this work the energy gained by the ion from 
the field was not assumed small in comparison to the thermal energy. Ion-
ion interactions could be neglected due to the assumption of small ion 
densities, and collisions between ions and gas molecules were taken to 
be elastic. A more detailed discussion of the theory appears in Chapter 
III. 
23 
Viehland and Mason have recently developed a rigorous kinetic 
theory for the mobility of gaseous ions which applies at arbitrary field 
strengths. A brief survey of their work will be given in Chapter III. 
Motivation for Present Research 
One of the primary motivations for studying the transport properties 
of ions in gases has been to provide information from which interaction 
potentials can be derived. The variation of mobility with temperature 
20 
10 
is one means to achieve this goal., but the experimental difficulties 
involved have limited progress in that direction. A more fruitful approach 
has proved to be the measurement of the mobility and diffusion coeffi­
cients as functions of the parameter E/N. The latter experiments are 
less difficult to perform, and they also investigate a significantly 
larger range of ionic energies, typically 1/25 to 7 eV. These measure­
ments provide a useful complement to the beam scattering experiments, 
which are limited to rather high energies because of space charge effects 
and stray fields. It appears that: with the recent advances in the theory 
by Viehland and Mason, interaction potentials may now be obtainable over 
a much wider range of separation distances. 
A comprehensive set of mobility and diffusion measurements is also 
useful to check the regions of validity of the various theories. There 
is in addition the need for transport coefficients in the determination 
of ion-molecule reaction rates, ion-ion recombination coefficients, and 
the rates of dispersion of ions in a gas due to mutual repulsion. The 
mobilities of alkali ions in various gases is also important in connec­
tion with magnetohydrodynamic power generation. 
The goals of this research are to measure to a high degree of ac­
curacy the mobilities and longitudinal diffusion coefficients over the 
widest possible interval of E/N. Although the data by themselves are 
useful for the calculation of various atomic processes, the emphasis is 
placed on comparison with theoretical predictions available, in particular 
those of Wannier and those of Viehland and Mason. 
11 
CHAPTER II 
EXPERIMENTAL APPARATUS AND MATHEMATICAL ANALYSIS 
For the measurement of the mobilities and diffusion coefficients 
we employed a drift tube mass spectrometer described previously in detail 
in references 2, 12, 13, and 24. Only a brief description will be given 
here. Figure 1 is a sectioned view of the drift tube. The apparatus 
consists of the outer vacuum enclosure called the kettle, the drift tube 
proper contained within the kettle, and an analysis region housing the 
detection equipment. All major portions are made of stainless steel and 
-9 
are bakeable so that ultimate base pressures of 10 Torr are obtainable 
with 6" and 4" oil diffusion pumps. 
Gas is admitted into the drift chamber through one of the ports near 
the top of the apparatus. The pressure is maintained at a constant se­
lected value in the range from 0.025 to about 1 Torr by an MKS Baratron 
capacitance manometer which drives an automatic pressure controller and 
servo leak valve. A liquid N 2 refrigerated vapor bath located in the gas 
feedline traps out impurities. The circular, concentric guard rings within 
the drift tube proper produce a static, uniform electric field in the 
axial direction. All surfaces exposed to the ions are gold plated to 
prevent charge build up. An important feature of this apparatus is the 
movable ion source which can vary the drift length from 0 to nearly 44 cm. 
Seven source positions are accurately calibrated and the four correspond­
ing to the longest drift distances are generally used in the routine 
12 
ION SOURCE 
DRIVE SCREW 
ION SOURCE REGULATOR 
AND SUPPLY 
PULSE GENERATOR 
TRIGER PULSE TO TIME-OF-LIGHT ANALYZER 
SERVO GAS INLET THERMOCOUPLE LEAD THROUGH ION GAUGE VIEWING WINDOW ELECTRICAL LEAD THROUGHS CAPACITANCE MANOMETR 
ELECTRON - IMPACT 
ION SOURCE 
TO 6 - INCH SORBENT TRAP, WATER BAFLE AND DIFUSION PUMP 
2 5 6 CHANNEL TIME-OF -
FLIGHT ANALYZER SYSTEM 
PREAMP 
DRIFT TUBE 
DRIFT FIELD GUARD RINGS 
RF OUADRUPOLE SPECTROMETER 
14 STAGE MULTIPLIER 
PAPER TAPE 
PUNCH 
PRINTER TO 4- INCH SORBENT TRAP, WATER BAFLE AND DIFUSION PUMP 
Figure 1. Sectioned View of the Drift Tube, the Outer Vacuum Enclosure and the Analysis Region 
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taking of data. The source of ions is a platinum mesh filament coated 
with potassium feldspar which when heated emits predominantly singly 
charged potassium ions in large quantities. Trace amounts of other alkali 
ions appear but in general are so small that they can not be studied. An 
electron impact ion source is also contained within the same movable struc­
ture, but was not used in this research. The magnets used with the elec­
tron source were removed. 
The ions are pulsed out of the source and admitted into the drift 
region as a thin disc which begins to diffuse and drift down the axis of 
the tube. The ion cloud continues to drift until the swarm reaches the 
end plate which has in it a small pinhole (0.035 cm diameter) on the axis. 
A portion of the ions exit through the hole into the differentially pumped 
analysis region where they pass through a conical skimmer and then to the 
RF quadrupole spectrometer. The quadrupole passes only ions of the de­
sired charge to mass ratio so that there can be no mistake as to the 
identity of the ions. A channel electron multiplier detects each ion 
which has traversed the mass filter. Figure 2 shows the drift tube and 
analysis regions in more detail. When an ion arrives at the detector, 
a pulse is sent to a 256 channel time of flight analyzer which records 
the total drift time of the ion. A large attenuation of the initial ion 
burst occurs because of transverse diffusion of the ion population and 
off axis rejection during mass analysis. The result is that at most one 
or two ions for every pulse gets detected, making it necessary to repet­
itively pulse the source to build up an arrival time spectrum. For a 
given gas pressure and electric field intensity E one obtains a near 
Gaussian distribution which may be analyzed to obtain the mobility and 
ION-SOURCE POSITIONING 
Figure 2. Cut-away View of the Drift Chamber and Mass Analysis and Detection Apparatus 
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longitudinal diffusion coefficient characteristic of that E/N. The number 
of counts in each channel of the time of flight analyzer are punched onto 
paper tape and fed into a central site computer via teletype. The trans­
port properties are then calculated from the raw data by computer analysis 
by a method to be discussed in the next section. 
Several features of this drift tube enhance the measurement of 
transport properties. First of all are the very large (0-44 cm) drift 
distances attainable. When the length is long, end effects such as the 
time required for mass analysis and detection (analysis time) act over a 
much smaller percentage of the total drift distance. Also if ions are 
injected into the drift region with a significant initial velocity, the 
time it takes for the ions to become thermalized (i.e., reach a steady 
state) is small compared to the total drift time for large distances. A 
long drift tube should therefore tend to reduce these types of errors. 
Wall effects are mostly eliminated by the use of large guard rings 17.5 cm 
in diameter. Another feature is the movable ion source mentioned before. 
By taking spectra at different drift lengths, end effects have a tendency 
to cancel out when corresponding drift times are subtracted. In the next 
section such a differencing technique for calculating mobilities will be 
explained. Of course each measurement at a source position provides an 
independent check on the others and gives information about statistical 
fluctuations. The quadrupole mass filter enables one to positively iden­
tify the ion being studied. In conjunction with mass analysis the effects 
of ion-molecule reactions on the transport properties can be determined 
by analysis of the arrival time spectrum. In particular, it is necessary 
16 
to know when the effects are negligible in order to verify that the charge 
carrier did not change its identity during its drift. 
Mathematical Analysis 
For each drift distance z. we obtain an average arrival time t. 
1 1 
from the accumulated spectrum at a given E/N. An obvious estimate for 
the drift velocity would be z./ t., but not accounted for in this calcu-
lation are the effects of diffusion upon the arrival time histogram and 
the time the ions spend in the analysis region. The arrival time profile 
is not symmetrical about its peak due to the nature of the ion swarm 
sampling. If the ions were counted at the same instant in time, they 
would have a spatial Gaussian distribution, but instead they are detected 
individually as they arrive. Thus, while some ions have left the drift 
region, others remain inside and diffuse for longer times. The result is 
a skewed Gaussian effect in which the distribution exhibits an enhancement 
for ions arriving at later times. The net effect of longitudinal diffusion 
is to build up the arrival time spectrum at longer times, while transverse 
diffusion removes particles from the swarm and thus depletes the peak at 
later times. There is a slight depletion of the spectrum at longer times 
due to longitudinal diffusion, but the effect only occurs in a small re­
gion near the peak. Therefore t ;^, the average over this type of skewed 
distribution, is increased by the effects of longitudinal diffusion and 
decreased by that of transverse diffusion. In the Georgia Tech drift tube 
the ions must pass through an analysis region for proper mass selection 
and hence all drift times must be corrected for this corresponding transit 
time. The result is that the spectrum is shifted along the time axis by 
a constant amount. 
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The effects stated above can be reduced considerably by a differ­
encing technique made possible by the movable ion source. By taking 
spectra at several different drift: distances z^ and computing their average 
times we can calculate a drift velocity by the formula 
z . - z . 
v d = , ( 2 - D 
t. - t. 
1 J 
where i and j refer to different source positions. Subtracting the t's 
eliminates the effect of constant analysis time as well as removing cer-
25 
tain diffusion corrections to the drift velocity. Another method for 
obtaining the drift velocity when data from several drift distances are 
available is that of a least squares fit to a straight line using the set 
of points (z^,t^). The drift velocity is calculated as the inverse slope 
of the resulting straight line and the analysis time is the intercept on 
the t axis. In every case the agreement between the two methods has been 
excellent. 
Gatland^'^'^ has developed a mathematical model for the motion 
of ions in a drift tube which is appropriate for the initial and boundary 
conditions of this experiment. His analysis accounts for various types 
of reaction schemes, including pure depletion reactions characterized by 
the frequency per ion a, "forward-backward" reversible processes as in 
the formation and breakup of clusters, and other more complicated mechan­
isms. However, in this experiment the pressures and electric fields were 
chosen so that reactions could be neglected. In this case the analysis 
takes on its simplest form. The diffusion equation to be solved is 
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^ 2 2 2 
dn(r, t) ^ | on o n 1 o n dn ,
 a . / 0 0\ 
dz dx dy 
where the source term is given by 
P(r,t) = s6(t)6(z)0(ro - r) 
The ionic number density is denoted by n(r*,t), and 6(z) and 6(t) are delta 
functions. The uniform surface density of ions is s, and r^ is the radius 
of the entrance aperture of the source. Q( rQ - r) = 1 if r < and 0 
otherwise. The current density of ions ~3 is given by the expression 
t(r,t) = v*d n(r\t) - 8 • Vn(r,t) , (2-3) 
in which D is the diffusion tensor of equation (1-6). The flux 0(z,t) 
of ions in particles/sec along the axis is related to the current density 
through the relation 
0(z,t) = Aj(z,t) , (2-4) 
where A is the area of the exit aperture and j(z,t) is the z component 
of the axial current density. Hence substituting the solution n(r,t) of 
the diffusion equation into (2-3) and using (2-4) Gatland gets for the 
flux of ions exiting the drift tube on axis at time t after their creation 
- a t
 r , r n v - r (z - v t) -. 
0 ( 2
= ^7Z^ (vd + K 1 - 40)J e 4 " 4D- t J • <2"5> 
Li 4[nDLtP 
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This is the equation from the model which describes the arrival time 
spectrum. Here z is the drift distance from the source to the end plate. 
In the present case a is set to zero since we are assuming depletion re­
actions are negligible. For a fixed length z one can increment the time 
parameter and calculate a distribution of arrival times which is a func­
tion of D^, D m, v^, A, and s. The theoretical and experimental distribu­
tions may then be compared to determine the longitudinal diffusion coeffi­
cient. The A and s dependence drops out when the peaks of the two curves 
25 
are normalized to unity. Moseley has shown that the shape of the mathe­
matical curve is insensitive to large variations of D m, although the mag­
nitude of the flux is certainly not. Normalization of the curve to a peak 
height of one only changes the absolute magnitude and not the shape. Al­
though D m is not known a priori, a theoretical value from the Einstein 
equation or the Wannier theory (see Chapter III) may be used without loss 
of accuracy. The drift velocity is the measured value determined from 
the same set of arrival time spectra at the E/N under consideration. 
After a smoothing procedure is applied to the raw experimental data, 
is varied systematically until a satisfactory fit between the model and 
the experiment is obtained. A computer program fitting routine has been 
written to determine a D, in this manner for each source position taken 
Li 
at the given E/N. Figure 3 shows a sample arrival time spectrum and the 
matching theoretical curve. The value of D calculated by this method 
Li 
should be identical for each source position at the same E/N; however, 
there are slight statistical fluctuations between the coefficients usually 
less than about 57o making it necessary to average the values for a final 
result. 
20 
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ARRIVAL TIME (MICROSECONDS) 
Figure 3. Sample Arrival Time Spectrum with Theoretical Fit for D. 
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CHAPTER III 
THEORETICAL CONSIDERATIONS 
Review of Past Theory 
The earliest work in the theory of mobility was carried out by 
28 
Langevin. His first calculation in 1903 considered the ions and mole­
cules to be solid elastic spheres in which the only interaction accounted 
for was the hard sphere repulsion occurring at impact. The theory was 
intended for low E/N and low ion densities. With the assumption that the 
mean free path of the ion was the same as that of the molecule and con­
sidering the crude nature of the calculation, it is not surprising that 
the predicted mobilities were systematically much higher than experiment. 
Also the variation of K with ionic charge, mean free path, and temperature 
was found to be incorrect. 
Langevin was aware of the problems with his simple mean free path 
29 
calculations and in 1905 published a much more rigorous theory based 
on the momentum transfer method developed earlier by Maxwell. This theory 
also applied only to low fields, but it accounted for not only the rigid 
sphere repulsive interaction, but also an attractive inverse fifth power 
force between the ions and molecules. An ion will induce a dipole moment 
in a nonpolar gas molecule, and the resulting attractive polarization 
30 
force will have the form 
f = -• 2o/e2/r5 , (3-1) 
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where cv is the polarizability of the molecule, e is the electronic charge, 
and r is the ion-molecule separation distance. Of course if the gas is 
polar, there is direct attraction of the permanent dipoles. Equation (3-1) 
applies if r is large compared to the charge separation of the dipole. 
Langevin's exhaustive treatment of this subject was frequently 
neglected and sometimes misunderstood by other workers in the field for 
>31 
about twenty years until Hasse in 1926 made a recalculation of the numer­
ical part of the paper. During the time when Langevin's work lay unnoticed 
two contrasting theories concerning the polarization attraction force 
arose. The "cluster-ion theory" proposed that the neutral molecules be­
came permanently bound to the ions, and that the increased mass and size 
of the charge carrier were responsible for the low measured values of the 
mobilities. The other concept was the "small-ion theory" in which the 
size of the ion was relatively unimportant. Momentum transfers due to 
the attractive forces were thought: to be mainly responsible for the slow­
ing down of the ions in their motion through the gas. 
In the notation of Hasse the expression for the mobility derived 
by Langevin for the case when the molecules are perfectly elastic spheres 
experiencing attractive forces of the form (3-1) is 
\ 
K = , (3-2) [p(K " I)]2 
where p is the mass density of the gas, K is the dielectric constant, M is 
the molecular mass, m is the ionic mass, and A is a numerical coefficient. 
A is a function of the parameter X (not to be confused with the mean free 
path) where 
23 
j 8tPD X = — — j . (3-3) (K - l)e 
Here P is the gas pressure and D,., is the sum of the radii of the ion and 
molecule. The calculation of A in terms of X is quite complicated and is 
one of the most important features of Langevin's 1905 paper. There are 
two limiting cases for the mobility. For the case of large X where hard 
sphere scattering is the dominant interaction, the value of XA approaches 
0.75 in the limit, and the mobility becomes 
0 7 ^ 
K = —z : —T [l — ] • (elastic sphere limit) (3-4) 
6
 D 2 2[8npP] % 
At the other extreme X — 0 and the polarization force prevails. The re­
sulting mobility is 
0.5105
 r i , MJ5 / i • .-• T •\ /o ex K_ = T Li "*—J • (polarization limit) (3-5) 
P
 [p(IC - 1)] 
The result in (3-5) is independent of both ionic charge and gas temperature 
The momentum loss of the ion due to collisions produced by the polariza­
tion forces is directly proportional to the ionic charge. Since the ex­
ternal electric force also varies as the charge, the two effects cancel 
giving a mobility which is charge independent. An increase in temperature 
increases the thermal motion of the ions and tends to decrease the mobil­
ity. However, the corresponding decrease in momentum loss raises the 
mobility just enough to cancel out any temperature dependence. The zero-
2 
field reduced mobility in (cm /V-sec) derived from Equation (3-5) is 
24 
K Q(0) = 35.9/Qu*]^  , (3-6) 
where (j, is the reduced mass given in units of the proton mass, and 01 is 
3 
the polarization expressed in atomic units (^QJ &q = 1 Bohr radius). 
The use of the complete Langevin equation (3-2) is hampered by the 
difficulty in estimating the sum of the ionic and molecular radii (D^) 
2 
which appears through the calculation of X in (3-3). Hence the polariza­
tion limit form has been a much more useful equation for the mobility, 
and in many cases the agreement with experiment is quite satisfactory. 
Wannier"^ has treated the high-E/N situation and has demonstrated that 
(3-6) is valid for the reduced mobility at any E/N provided that the po­
larization force is dominant. 
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In the years 1916-17 Chapman and Enskog developed a rigorous ki­
netic theory for unionized monatomic gases. Although their original cal­
culations applied only to neutral gases and not ions, the low-field 
mobility of an ion may be obtained from the mutual diffusion coefficient 
which they derived by using the relation 
e 0 1 2 
K =
 ~kT ' < 3" 7> 
The Chapman-Enskog theory gives for the mutual diffusion coefficient 
3^ rzwr?7/2 1 + e 
2 16 L p, J (N x + N2)P12 ' ° (3-8) 
where 
25 
2 
Q d(v 0) = 2TT (1 - cos0)I (0)sin0de . (3-10) 
0 S 
is just the cross section for momentum transfer, often called the 
diffusion cross section, with 0 as the center of mass scattering angle 
and I s(0) the differential elastic scattering cross section. The quantity 
V Q is the relative velocity of approach of the two particles. and N 2 
are the gas and ionic number densities, respectively, with N 2 usually 
negligible compared to N ^ . € Q is a small second order correction which 
may be neglected for many applications. P ^ 2 c a n ^ e related to the omega 
or collision integral f j ^ ' ^ which frequently appears in kinetic theory. 
A familiar form of the omega integral is 
n ( 1 , 1 )(T) = —-—:r f Q (E)E 2e" E / k T dE . (3-11) 
2(kT) J 0 d 
2 
M-v0 
Making the substitution E = in (3-9) for P ^ 2 results in the relation 
If is independent of V Q , the omega integral is no longer a function of 
J- 33 
the temperature, and then varies as (T/|x)2. By dimensional analysis 
it can be shown that for a potential of the form V(r) ~ r n , varies as 
V Q ^ 1 1 , which implies that varies as T^^T^. Hence the mobility is 
2 /n ^ 
proportional to T T 2. Thus the variation of mobility with temperature 
f00 5 -M-v /2kT 
P12 = J Q W V e d v 0 < 3" 9> 
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can give useful information about the ion-molecule interaction. 
As mentioned in Chapter I, Wannier"^ made vital contributions to 
both mobility and diffusion theory in his epic 1953 paper. Although he 
emphasized the high-E/N case, he also considered intermediate and to some 
extent low fields. He assumed the ion density to be small so that ion-
ion interactions could be neglected, and all collisions were taken to be 
elastic. In the high-field case Wannier showed by dimensional analysis 
that the mobility for the model of a constant mean free path (for example, 
hard spheres) was proportional to E 2, where E is the magnitude of the 
electric field strength. Similar reasoning gave a constant mobility for 
the constant mean free time model (constant T) at both high and low fields 
Wannier's formal treatment of the high-field case resulted in his obtain­
ing a general expression connecting velocity averages derived from moments 
of the Boltzmann Equation. Using this moment equation it was possible to 
calculate the drift velocity, total energy, and energy partition for the 
constant T case. The mobility so calculated was a constant and numeri­
cally equal to the value obtained for low fields. For this model at high 
fields Wannier's expression for the total energy of the ion was 
Etotal = \ <m + M>vd + I k T ' <3'12> 
where m is the ionic mass and M the mass of the molecule. The first term 
on the right of (3-12) is the energy gained from the field which is di-
2 
vided into two parts, the visible drift energy mv^/2, and the random field 
2 
energy Mv^/2. The ratio of the random field to the drift energy is thus 
M/m which reflects the ability of light ions to store energy in the form 
27 
of random motion. At sufficiently high E/N the thermal energy can be 
neglected. 
Wannier also investigated the intermediate field region where he 
obtained a complete solution for the constant mean free time model as a 
convolution of the high-field and Maxwellian solutions. The calculated 
mobility was again, as expected, a constant. For the pure polarization 
-4 
attraction model (V ~ r ) and constant T, Wannier found the mobility to 
be a constant, which is exact for both high and low fields. The constant 
mean free time model along with isotropic scattering yielded nearly the 
same results as the polarization case, which led Wannier to conclude that 
scattering is very nearly isotropic for the polarization force. 
Recall that for an ion swarm of number density n moving in steady-
state through a gas under the influence of a uniform electric field, the 
ionic flux density "3 is given by 
"J(r,t) = n(r,t)vd - D • Vn(r,t), (2-3) 
where the diffusion tensor has the form 
D, 
T 
0 0 
B = 0 D, T 0 (1-6) 
0 0 D. 
L L 
The first two components of the tensor are equal and are called the trans­
verse diffusion coefficient. They apply to diffusion perpendicular to the 
28 
field. The third component, the longitudinal diffusion coefficient, 
describes diffusion parallel to the field. 
In the limit of vanishing E/N, the ionic velocity distribution is 
Maxwellian and isotropic. Then D_, and D T are equal and are related to 
1 Li 
the zero-field mobility K(0) by the Einstein equation (1-5): 
D_ = D. = D(0) = ^ K(0) . (3-13a) 
I L e 
Here k is Boltzmann's constant. A useful form of the Einstein equation 
is 
ND(0) = 2.315 X 1 0 1 5 K Q(0)T , (3-13b) 
where ND(0) is in cm "'"sec ^; KQ(0), the zero-field reduced mobility, is 
2 
in cm /V-sec; and T is in degrees Kelvin. At higher E / N the field causes 
the ionic velocity distribution to be skewed in the field direction. 
Some of the energy imparted to the swarm by the field is also manifest 
in increased transverse ionic motion due to the randomizing action of the 
ion-molecule collisions. Since collisions broaden both the transverse 
and longitudinal velocity distributions, one expects both D T and D to 
Li 1 
increase with increasing E / N . 
In addition to mobilities Wannier has also described diffusion at 
high E / N in terms of several different ion-molecule scattering models. 
34 
One model, which has been tested by McDaniel and Moseley with experi­
mental data from various sources, is that of isotropic scattering and a 
constant mean free time between collisions. Another model, which will be 
29 
used here, assumes the ion-molecule interaction to consist of only the 
attractive polarization force (3-1) of which a constant mean free time 
between collisions is a consequence. As stated before, the results ob­
tained for the two models are quite similar. Wannier's original equations 
for D, and D_ based on the polarization model, which are numbered (149) Li 1 
and (150) in his paper, are 
„ = >L±J» Q.905T kT + i (M + m) (M + 3.72m) , eE 
3 3
 M m(M + 1.908m) L m -
(0.905T ) 3 (3-14) 
D T = £±S 0.905T kT + i , < M + m> I • 
T
 "*
 3
 M m(M + 1.908m) L 
— (0.905T ) . (3-15) 
m J s 
Here the mass of the ion is denoted by m, that of the molecule by M; T G is 
17 35 
the ionic mean free time for spiralling collisions ' and is a constant 
for this model. However T G is not: a measurable quantity, but it can be 
expressed in terms of the experimentally determined mobility in the follow­
ing manner. As E/N tends to zero the terms involving E in Equations (3-14) 
and (3-15) vanish. Since the Einstein equation governs diffusion in this 
limit, the remaining constant term can be equated to the Einstein value. 
Hence we have 
M +
 ™ 0.905T kT = D(0) = — K(0) (3-16) 
mM s e 
using (3-13a). In terms of the zero-field reduced mobility we get 
M K n(0) N n 
n one; - 0 0 0.905T = ——r; — 
s m + M e N 
(3-17) 
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which demonstrates that T is indeed a constant at a given number density 
s 
N . The number density at standard temperature and pressure is 
19 -3 
N Q = 2.687 x 10 cm . Substituting (3-17) into (3-14) and (3-15) one 
gets after putting in the values of the constants 
ND L - 2.315 x 10 1 5K 0(0)T + 6.701 * 1 0 1 1 (§) (3-18) 
,^2 
= 2.315 X 10 1 5K 0(0)T + 6.701 X 1 0 1 1 <j + (f K Q(0) , (3-19) 
where K Q(0) is the zero-field reduced mobility in cm /V-sec; T the gas 
temperature in degrees Kelvin; m and M the ion and molecule masses in amu: 
and E/N expressed in Td. Equations (3-18) and (3-19) are the original, 
unmodified Wannier equations for the constant mean free time case. 
Improved agreement with experimental data can be achieved if the 
original Wannier equations are modified to remove some of the model de­
pendence. A natural change to make in (3-18) and (3-19) is to replace 
the zero-field reduced mobility K Q(0) in the field dependent term by the 
reduced mobility measured at the particular E/N being considered. Thus 
T is now in effect being allowed to vary as a function of E/N. The re-
s 
suiting equation for the longitudinal diffusion coefficient is then 
ND L(E) = 2.315 X 10 1 5K Q(0)T + (3-20) 
The ND,(E) signifies the additional field dependence in the modified form 
Li 
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of the Wannier equation. Kq(E/N) indicates the functional dependence on 
E/N. Using (1-3) Kq can be eliminated in favor of the drift velocity to 
get 
NDL(E) = 2.315 x 10 1 5K Q(0)T + (3-21) 
3 
0 3455
 x io17 M<M + 3-72m> 3d-
U. JH-DD X 1U
 ( M + 1 9 0 8 m ) E / N , 
4 
where v, is in units of 10 cm/sec and E/N in Td. The effect has been d 
to transform from the constant T to the observable variable v,. This 
s d 
34 
technique has been discussed by McDaniel and Moseley and McDaniel and 
24 
Mason ; the latter reference discusses in greater detail the theoretical 
implications of the procedure. The results (3-20) and (3-21) are some­
times called the "free flight" ND values due to the use of the mean free 
lj 
time concept. 
21 
Also in 1953 Kihara published a paper on the general theory of 
ion mobility which was not restricted to a particular ion-neutral inter­
action or mass ratio. Kihara assumed only binary collisions between ions 
and neutrals and sufficiently low ion densities to ensure that the use of 
a Maxwell velocity distribution for the neutral gas was justified. The 
theory is valid for all field strengths, but the expansion of the mobil­
ity in a power series in the square of the field strength limits the 
practical application to low E/N. 
36 
Whealton and Mason have extended the general theory of ion mobil­
ity formulated by Kihara to include ion diffusion and mixtures of neutral gases. The results are valid for any mass rat  and all ion-neutral 
32 
potentials provided the scattering is elastic. They have solved the 
linearized Boltzmann equation by a moment expansion method to obtain the 
mobilities and diffusion coefficients as functions of the electric field 
strength and temperature. Successive iterations of the moment equations 
lead to an expansion of the longitudinal diffusion coefficient in terms 
2 
of (E/N) . The result, to first order, may be put in the form 
(3-22) 
where D^(E) is the free flight value given by Equation (3-20). The first 
order correction to the transverse diffusion coefficient vanishes. 
37 
Robson, using arguments based on nonequilibrium thermodynamics, has ob­
tained results similar to those of Whealton and Mason. Viehland and 
23 
Mason have also obtained (3-22) using the approach to be discussed in 
the next section. The Viehland-Mason Transport Theory 
The prediction and interpretation of most phenomena involving ions 
in neutral gases depends on knowledge of the ion-neutral interaction po­
tential. Since ab initio calculations are extremely difficult for most 
systems, the usual method employed to get the interaction potential is 
the careful analysis of accurate measurements of a property which depends 
on it in a well established way. Such a procedure has been followed for 
the mobility of trace amounts of ions in neutral gases under the influence 
of very weak electric fields, the only case for which the transport theory 
is highly developed. The success of this method depends, of course, on 
33 
the fact that all transport phenomena depend on the scattering properties 
of the particles involved and hence on the interaction potentials. Clearly, 
if low-field ionic mobility data are to be utilized for this purpose, it 
is desirable to obtain the data over the widest possible range of gas 
temperature. However, there are substantial experimental difficulties 
associated with reliably measuring ionic mobilities at temperatures far 
above or below room temperature. Very few good experimental data are 
available on the low field mobility of ions as a function of the gas 
temperature, and the temperature range of the data is limited--usually to 
a few hundred °K. Hence, this approach has been of very limited utility. 
However, variation of the electric field has roughly the same effect 
as variation of the gas temperature, and it permits the average ionic en­
ergy to be varied from the thermal value up to about 10 eV in drift veloc­
ity measurements. For a long time it has been realized that if mobility 
data covering such a wide range of ionic energy could be quantitatively 
and accurately analyzed, information on the ion-neutral interaction po­
tential could be derived that would span a very wide range of ion-neutral 
separation distance. The snag has been that up to now accurate mobility 
theory for arbitrary mass ratios and interaction potentials has been 
available only for the region of very low E/N, where the ions are close 
to being in thermal equilibrium with the gas molecules. Viehland and 
23 
Mason have recently developed the first rigorous kinetic theory for the 
mobility of gaseous ions which applies at electric fields of arbitrary 
strength. A brief description of this theory and how it can be used to 
obtain ion-neutral interaction potentials follows. 
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The starting point for the theory is the Boltzmann Equation, in 
which the neutral gas molecules are assumed to have a Maxwellian velocity 
distribution function. It is not assumed however, as in weak-field treat­
ments, that the ionic distribution function f^ is only slightly perturbed 
from equilibrium. Hence the standard Chapman-Enskog procedure is not 
applicable. Since the Boltzmann Elquation itself is not amenable to direct 
solution except in a few special cases which unfortunately do not apply 
here, another approach is necessary. One usually attacks the problem via 
the moment method in which an equation relating moments of f^ is derived 
from the Boltzmann Equation. This procedure is acceptable because macro­
scopic quantities of interest, such as the drift velocity, can be ex­
pressed as moments of the ionic distribution. The solution to the moment 
(r) 
equation requires the choice of a basis set of functions \lf ' which are 
Jem 
themselves functions of the ionic velocity. A series expansion is made 
(r) 
in terms of the a n d t n e resulting set of algebraic equations are 
solved by a method of successive approximations. Rapid convergence of 
the successive solutions naturally depends upon the choice of the basis 
(r) 
functions. It has been customary to use Burnett functions for the \|f ' 
J2m 
since they are eigenfunctions for the Maxwell model of the inverse 4th 
21 
power potential. The use of these functions however leads to a power 
series or a ratio of polynomials in the field strength E, and the result 
is then necessarily limited to low E because of divergence difficulties. 
The source of the difficulty is that at high fields the ionic temperature 
is different from the gas temperature and the Burnett functions fail to 
take this into account. Viehland and Mason chose to use a different basis 
35 
set, namely the (Burnett-like) spherical polar functions which have the 
form 
where 
• £ > = W*s£>(W2)pH(cose)eim0 , (3-23) 
«
2
 = 1x7 • <3-24> 
(r) 
Here v is the ion velocity, S^/ are the Sonine (Generalized Laguerre) 
I ml 
polynomials, p' ' are the associated Legendre polynomials with 9 and 0 
the polar and azimuthal angles with respect to the field direction. The 
essential difference between this treatment and previous ones is the ap­
pearance of the parameter T^ having the dimension of a temperature. T^ 
is allowed to vary in order to effect the quickest convergence of the suc­
cessive solutions to the moment equation. All choices of T^ should lead 
to the same result. The quantity T^ is the temperature associated with 
the total energy of the ions. At low fields the appropriate choice is 
T. = T which is consistent with results from the usual theories of ion 
I 
(r) 
mobility and diffusion. In this case the reduce to the ordinary 
Burnett functions which are identical to (3-23) and (3-24) with the param­
eter T^ replaced with the gas temperature T. At high fields it is assumed 
that the ionic energy is entirely derived from the field, implying that T^ 
2 
should be proportional to v^. This dependence of T^ at high fields is 
the property which enables the Viehland-Mason results to be valid at all 
values of E/N. When the ion temperature is allowed to be different from 
36 
the gas temperature, it is then possible to define an "effective ion 
temperature" T ^ by the relation 
mT +MT. 
1
 • (3-25) 
"ef f m + M 
At low fields the choice T. = T yields T
 £ £ = T = T. and for high E, T 
l J eff I eff 
varies as v,. 
d In the solution of the moment equation to obtain the mobility and 
diffusion coefficients, it is necessary to specify 1\ more precisely. In 
keeping with the assumptions above, the natural choice is 
3 3 1 2 1 2 
| kT. = | kT + » mv^ + - Mv^ , (3-26) 
2 
where is the drift energy of the ion derived from the field and 
2 
Mv^/2 is the memory energy or the random field energy. This form is the 
same as that derived by Wannier for the total ion energy at high fields. 
Substituting (3-26) into (3-25) results in 
I k Teff = f k T + \ M v d ( 3 " 2 7 > 
which describes T as the temperature associated with the total random 
eff 
energy of the ion. Using (3-26) as the choice of T^, Viehland and Mason 
derive a first order expression for the drift velocity as a function of E 
and the omega integral. The equation is identical to that obtained by 
free flight methods with the exception of the appearance of T g££ in the 
omega integral in place of the usual gas temperature T. 
37 
To check convergence of their approximate solutions, Viehland and 
Mason compare their results to four special cases for which the mobility 
is rigorously known. The four cases are: 
(1) m « M with a rigid sphere potential for which the mobility 
may be determined exactly by numerical integration; 
(2) m = M with a rigid sphere interaction for which the mobility 
has been done by Monte Carlo methods; 
(3) arbitrary mass ratio and rigid spheres for the high field 
limit only. For m « M, this problem can be solved numerically; the 
case m >2> M can be solved exactly, since the ionic velocity distribution 
function is a delta function. Monte Carlo calculations exist for the 
finite arbitrary mass ratios; 
(4) arbitrary mass ratios and a repulsive r n potential at high 
fields where Monte Carlo results are also available. 
In all cases the approximation scheme appears to converge and the 
first approximation is never in error by more than about 10%. The success 
achieved by using (3-26) for the choice of the parameter T^ gives further 
justification for calling T an effective ion temperature. 
By rearranging their first order approximation for the drift 
velocity, Viehland and Mason obtain an expression for the omega integral 
as a function of the effective temperature. They derived the result 
(3-28) 
where 
38 
T
 c c = T + 0.4009Mv2 . (3-29) 
eff d 
Here 0^'"^ is expressed in A 2, z is the number of electric charges, |i is 
4 
the reduced mass in g/mole or amu, E/N in Td, in units of 10 cm/sec, 
and both T and T
 c c in degrees Kelvin. Here T is a function of E/N eff ° eff 
through the drift velocity, v^. Experimental mobility data can be used 
to calculate the omega integral as a function of the effective tempera­
ture. Then an appropriate form such as 
V(r) = A e ' a r + - | , (3-30) 
where B is usually known, is chosen for the interaction potential from 
which a numerical calculation of the diffusion cross section and the omega 
integral is then made. The parameters are systematically varied to ob­
tain the best agreement between theory and experiment. The enormous 
range of temperature covered by this method, typically 300 to 20,000 de­
grees Kelvin or more, yields information about the potential over a much 
wider range of separation distances than can be achieved by beam experi­
ments. Accurate interaction potentials over a wide range of separation 
distance are important since V(r) must be known (or assumed) to make many 
theoretical predictions. For example, both the classical and quantal cal­
culation of cross sections for various atomic processes requires knowledge 
—(1 1) 
of the potential. Plots of Q v ' 1 versus T
 CJ- for the mobility data of eff J 
this experiment appear in Chapter IV. Short range repulsive potentials 
have been determined for a number of ion-molecule combinations from high 
energy beam scattering experiments. Omega integrals calculated from such 
39 
potentials serve as a check on the validity of the Viehland-Mason theory. 
Comparison with the beam data is quite favorable. 
The emergence of an effective temperature T leads to an important 
concept concerning the variation of mobility with temperature. Once the 
field variation of the mobility or drift velocity is known, Equation (3-29) 
can be used to find the effective temperature corresponding to a particular 
E/N. The omega integral at T f£ may be found from (3-28). Thus we now 
have a method of getting the collision integral as a function of tempera­
ture by knowing the field dependence of the drift velocity at a single 
value of T which is usually low (room temperature). The Chapman-
24 32 
Enskog ' formula for the mobility as a function of temperature is 
valid at low field strengths and is given in the first approximation by 
16 N VkT/ Q C 1 * 1 ) ^ ) 
We can substitute into this equation the ^^"'^(T f^) at the temperature 
Teff to obtain the mobility at low fields, but corresponding to a gas 
temperature T f^. Hence, it is possible through the Viehland-Mason theory 
to convert high-field mobility data at low temperatures to zero-field 
mobilities at high temperatures. This procedure is made possible by al­
lowing the low density ions in a gas subjected to medium and strong elec­
tric fields to have an ion temperature different from that of the sur­
rounding gas . 
This equivalence property is not too surprising when one looks at 
the collision process itself. The scattering properties depend upon the 
interaction potential between an ion and neutral particle and also upon 
4 0 
the relative velocity. It should make no difference in the details of a 
particular collision and ultimately to the mobility whether the relative 
velocity of approach is caused by thermal motion at a high temperature 
(and low field) or by a large electric field at low temperature. Hence 
we may think of a mobility measurement in either context. As an example 
of this duality consider Equation ( 3 - 3 1 ) derived by Chapman and Enskog 
for the low field mobility. If one solves for fi^*"'^ and replaces the 
gas temperature T by the effective temperature Te£f> one obtains exactly 
the result ( 3 - 2 8 ) derived by Viehland and Mason, where now the mobility 
must be associated with high fields and low temperatures of the labora­
tory measurement. 
The transformation from field dependence to temperature dependence 
allows one to obtain the zero-field reduced mobility as a function of 
temperature through the omega integral. The intermediate step of actually 
calculating fi^'^ may be circumvented by substituting ( 3 - 2 8 ) directly 
into ( 3 - 3 1 ) . The result is for singly charged ions 
K 0(0) = 37.214 , (3-32) 
4 2 for E/N in Td, v^ in 1 0 cm/sec, and K Q ( 0 ) in cm /V-sec. Table 1 gives 
some typical values of the zero-field reduced mobilities. The effective 
temperature T is calculated from Equation ( 3 - 2 9 ) using the experimentally 
determined drift velocities measured as a function of E/N. The zero-field 
reduced mobility is then determined from ( 3 - 3 2 ) . The K^-D^ experimental 
1 2 + + data are that of Miller, et al. The K -N 2 and K -CO drift velocities 
3 
are from Thomson, et al. All other data are from the present experiment 
-f-
Table 1. Zero-field Reduced Mobilities of K Ions in Various Gases as a Function of the 
Effective Temperature. The mobilities are reduced to the standard gas number 
density 2.69 X 10 1 9/cm and expressed in cm2/V-sec. T e f f is expressed in de­
grees Kelvin. 
T 
eff 
KQ(E/N 0) 
+ 
K -H 2 
+ 
K -D 2 K
+
-He 
+ 
K -Ne K
+
-C0 K +-N 2 K +-N0 K + - 0 2 K +-Ar K +-C0 2 
300 13.1 9.35 21.5 7.43 2.31 2.53 2.28 2.72 2.67 1.45 
400 13.5 9.60 21.8 7.62 2.33 2.58 2.29 2.75 2.74 1.42 
500 14.0 9.90 21.7 7.75 2.35 2.62 2.33 2.85 2.85 1.39 
600 14.5 10.3 21.6 7.82 2.38 2.66 2.37 2.94 2.96 1.37 
800 15.4 11.0 21.1 7.84 2.43 2.72 2.44 3.09 3.09 1.35 
1,000 16.0 11.6 20.5 7.78 2.48 2.78 2.50 3.20 3.18 1.34 
1,200 16.5 12.1 20.0 7.69 2.52 2.84 2.56 3.27 3.23 1.34 
1,500 17.0 12.5 19.3 7.53 2.57 2.89 2.63 3.34 3.29 1.36 
1,800 17.1 12.6 18.6 7.36 2.62 2.93 2.70 3.39 3.31 1.37 
2,000 17.2 12.7 18.2 7.25 2.65 2.95 2.73 3.42 3.32 1.39 
2,500 17.1 12.6 17.3 6.98 2.70 2.99 2.79 3.46 3„28 1.43 
3,000 16.8 12.5 16.6 6.72 2.73 3.02 2.83 3.48 3.24 1.46 
3,500 16.5 12.3 15.9 6.48 2.75 3.03 2.87 3.49 3.21 1.49 
Table 1. (Continued) 
Teff 
K +-H 2 K +-D 2 K
+
-He K +-Ne 
K Q(E/N 
K +-C0 
-> 0) 
K +-N 2 K +-N0 
+ 
K - 0 2 
+ 
K -Ar K
+
-C0, 
4,000 16.2 12.1 15.3 6.28 2.76 3.05 2.88 3.48 3.18 1.51 
5,000 15.6 11.5 14.4 5.94 2.77 3.04 2.89 3.45 3.10 1.56 
6,000 15.0 10.9 13.7 5.70 2.76 3.03 2.88 3.37 3.03 1.60 
8,000 13.8 9.75 5.4 2.72 2.96 2.84 3.24 2.90 1.66 
10,000 13.1 8.8 2.67 2.89 2.80 3.13 2.79 1.70 
12,000 12.6 8.1 2.63 2.82 2.75 2.69 1.72 
15,000 12.2 2.55 2.72 2.68 2.57 1.73 
18,000 12.0 2.48 2.63 2.62 2.47 1.73 
20,000 2.44 2.57 2.58 2.41 1.73 
4 3 
and are reported in Chapter IV. It is interesting to note that reduced 
mobility data plotted as a function of the parameter E/N also represent 
the zero-field reduced mobility values as a function of temperature if 
the appropriate effective temperature scale is added. The mobilities on 
the graph do not change their ordinate value. Only the abscissa scale 
need be altered. Hence we are essentially saying that a mobility measure­
ment is only a number subject to either of two interpretations. The 
Viehland-Mason theory enables us to write the following equation: 
K Q ( 0 , T e f f ) = KQ(E/N,T) ( 3 - 3 3 ) 
where K ~ ( 0 , T ,.,-) is the reduced mobility in the zero-field limit at 
0 eff 
temperature T given by ( 3 - 2 9 ) ; K Q ( E / N , T ) is the reduced mobility at 
the E / N corresponding to T and T is the gas temperature. 
The theoretical work discussed above has been strictly classical 
in nature. Quantum effects are usually important only when the de Broglie 
wavelength of the ions is comparable to the separation distance between 
1 9 
molecules, for example when the number density is very large ( N » 1 0 
- 3 
cm ) or the temperature is extremely low. Also if the ion and gas mole­
cules have identical cores, symmetry effects such as resonant charge 
transfer require quantal treatments. The essential difference between 
classical and quantal results lies in the calculation of the differential 
cross section I g(®) which depends on the ion-molecule interaction. The 
success of the classical theory is in part due to the appearance of the 
factor ( 1 - cosO) in the diffusion cross section Q^. This factor decreases 
the effect of small angle scattering where I g(0) makes the largest contri­
bution to the integral. 
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CHAPTER IV 
MOBILITIES 
In this chapter the reduced mobilities of K + ions in the seven 
gases He, Ne, Ar, K , O2, NO, and CO^ are presented as functions of the 
parameter E/N. The temperature of the neutral gases was in each case 
within 5 degrees of 3 0 0 ° K , so the data are stated to be at a nominal 
temperature of 3 0 0 ° K for convenience. The measured values of T are 
tabulated for each E/N in Appendix I. It should be noted again that to 
compare data with other experiments a number density normalization must 
be made. The number density an ideal gas assumes at 0°C and 7 6 0 Torr is 
1 9 3 
the Loschmidt Number, Nq = 2 . 6 9 X 1 0 particles/cm . Elementary theory 
shows that the mobility K varies as 1/N, which allows the definition of 
a reduced mobility Kq given by the expression 
K - v : = K JL. 2 7 3 . 1 6 
K 0 ~
 K
 N Q K 7 6 0 T * ^ L ) 
Even though T appears in this formula, it is strictly a number density 
normalization and the resulting Kq refers to the original temperature T 
at which the measurement was made and not to the standard temperature of 
2 7 3 . l ^ K . T and P, which can be experimentally measured, enter the ex­
pression only to calculate the number density using the ideal gas law. 
The normalization is carried out holding the temperature constant, with 
no assumption about how the mobility varies with T. The result is that 
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K Q is still an explicit function of T, i.e., K Q = K Q(E/N,T). When 
comparing zero-field mobilities taken at different T, one must assume 
that K Q does not vary appreciably with temperature over some small range 
of T which may be as large as 1 0 to 1 5 ° K . To make reasonable comparisons, 
the variation probably should not be more than about 1% since experimental 
errors are typically less than 2%. Indications are that in some cases 
there may be as much as 1% or more variation, especially in gases where 
there is resonant charge transfer. 
Also in this chapter are plots of the omega or collision integrals, 
Q ^ ' ^ , versus effective ion temperature. The longitudinal diffusion co­
efficient data are found in the next chapter. 
Ion Production and Boundary Effects 
As mentioned in Chapter II, the potassium ions were produced ther-
mionically by directly heating a platinum mesh filament coated with po­
tassium feldspar. The ions so created are singly charged and in the 
ground state. Trace amounts of other alkali ions were detected, the most 
+ 
abundant of which was Na , but their intensities were not consistently 
high enough to permit a thorough investigation of their transport proper­
ties. The presence of alkalis other than potassium should have no effect 
+ 
on the measurement of the K ions, since the number densities of each 
ionic species is very much less than that of the neutral gas. However, 
to ensure that ion-ion interactions or space charge effects do not influ­
ence the data, the source current is varied to see if there is any change 
in the arrival time spectrum. 
Since the alkali ions possess a closed shell electronic structure 
46 
2 2 6 2 6 
(ls 2s 2p 3s 3p for K ) , ion-molecule reactions involving the breaking 
of chemical bonds and the formation of new bonds are not likely to be 
significant in this experiment. There was no distortion or unusual struc­
ture to the arrival time spectrum which would indicate any appreciable 
reactions. However, it is known that clustering reactions of the form 
K + + 2M 4* K + • M + M , (4-2) 
where M is a neutral gas molecule or impurity ion, are possible. 
3 + 
Thomson reported the existence of K clusters for CO^t NO, CO, N 2, 0 2 , 
Ar, D 2» Ne, and He in order of decreasing abundances. Clusters are ex­
pected to form at low E/N and high pressures; hence for each gas studied 
checks for cluster formation were made. Operation of the drift tube was 
restricted to conditions where the intensity ratio of clustered to un-
clustered K + ions was usually less than about 1%, with the exception of 
C0 2 which will be discussed later in this chapter. The presence of clus­
ters (or dimers as they are sometimes known) are not always an evil, al­
though they have confused matters for drift tube experimenters without 
mass spectrometers for quite some time. In certain cases it is possible 
to determine the reaction rate for (4-2), as was done in the case of 
+ 38 CO * CO in this laboratory. 
Another problem associated with ion production involves the Tyndall 
gate which admits the ion pulse into the drift region. Sometimes 20 to 
40 volts on this grid are necessary to have sufficient ion intensity to 
permit a data run. These setups usually occur at the extremes of the E/N 
range where control of the ions is most difficult. The effect of high 
47 
Tyndall grid voltages is to inject or throw the ions into the drift region 
with a non-zero initial drift velocity thus violating the source boundary 
condition of the mathematical model. There is then some distance inside 
the drift chamber where the ions are not in a condition of steady-state 
drift within the gas. Hence the drift length becomes uncertain by the 
same amount, which is undoubtedly at least several mean free paths. As 
the mean free path at 0.1 Torr is about 0.06 cm, even two or three colli­
sions to randomize the ionic motion mean a 0.5 to 0.75% error in the drift 
distance at 25 cm corresponding to position 4. Due to the use of a differ­
encing technique made possible by the movable ion source, the mobilities 
are not appreciably affected by the injection of the ions. However, the 
longitudinal diffusion coefficients would be erroneously high in this case 
since the ion cloud would initially diffuse at a greater rate than it 
normally should. The effect was apparent in the gas CO^ where ND^ in the 
zero-field region was consistently higher than the Einstein value when 
relatively high Tyndall grid voltages were used. It was found that good 
agreement with the Einstein value could be obtained if great care was 
taken to set up the runs at lower gate voltages, meaning a decrease in 
ion intensity and hence substantially longer data accumulation times. 
This compromise was made throughout in an attempt to obtain higher quality 
data. 
Another type of boundary condition which arises in drift tubes is 
due to the radial extent of the electric field uniformity. Beyond a cer­
tain radius (6 cm in the Georgia Tech apparatus) the electric field be­
comes appreciably nonuniform, resulting in either a sweeping away of ions 
to the guard ring walls or a reflection of particles back into the drift 
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region where they stand a chance of being detected. Since the analysis 
model does not account for this type of reflection, checks must be made 
39 40 
to see that this fraction of ions is negligible. Schummers and Graham 
2 
have shown that for 4D^ ,t < 30 cm , fewer than 170 of the detected ions have 
diffused radially past 6 cm and back on axis. For each gas 4D^ ,t was cal­
culated at a low, intermediate, and high value of E/N. The Wannier free 
flight D^ was used, and the drift times were in each case those for posi­
tion 7 which gave the largest value. The worst cases occur at the low 
E/N's. When the values of 4D^t are normalized to 0.1 Torr for comparison, 
2 
only NO, Ne, and with values of 30.9, 36.0, and 45.9 cm , respectively, 
2 
exceed 30 cm . To force 4D^ ,t below 30 would require pressures of at least 
0.103, 0.120, and 0.153 Torr, respectively; at low E/N's the real pres­
sures used in the drift tube for the runs easily surpassed these limits. 
Thus radial diffusion effects should present no difficulties in these 
measurements. Experimental Data 
The reader is again referred to Appendix I for a tabulated listing 
of all mobility and diffusion data. In these measurements an attempt was 
made to cover the widest possible range of E/N without compromising the 
quality of the data. Theory predicts that the mobility will become a 
constant in the limit of vanishing E/N, that is when zero-field conditions 
exist. In practice the zero-field state is typically reached at E/N's 
below about 5 to 10 Td for K + ions in the gases considered in this experi­
ment, as evidenced by a flattening out of the reduced mobility curves for 
this range of E/N. Mobility measurements at E/N's lower than about 1 Td 
49 
are usually very difficult to take due to a lack of sufficient ion 
intensity. However, this circumstance frequently does not present a prob­
lem since the reduced mobility generally has attained its constant value 
at this E/N, and hence only enough measurements in the low E/N range to 
obtain a good average zero-field value are necessary. 
At high E/N there are two experimental difficulties which ultimately 
limit the measurements for the Georgia Tech drift tube. For high E/N runs 
E is generally quite large (5 to 6 V/cm) and P fairly low (0.025 to 0.100 
Torr). Depending upon the gas and its pressure, a glow discharge, orig­
inating from the high voltage connections inside the drift tube, will 
occur as E is increased to around 7 V/cm. The glow permeates the entire 
drift region, and the avalanche of ions saturate the detection equipment. 
Of course it is impossible to take data under such conditions. Attempts 
to shield the high voltage feedthroughs from ground were not successful 
in eliminating the glow discharge. It became obvious that to correct the 
problem major changes in the design of the drift tube would be necessary. 
Hence, the decision was made not to modify the apparatus and to take data 
at the highest E/N's attainable without setting off the glow. These E/N's, 
although limited to a degree, still cover a significantly wide range. 
A second problem at high E/N arises when neutral gas pressures less 
than about 0.050 Torr are used. Mean free paths of the molecules at 0.025 
Torr and 300°K are then of the order 0.25 cm. Thus there may be problems 
associated with conventional swarm analysis for paths that large. In fact, 
pronounced distortion of the arrival time spectrum has been observed as 
the pressure was lowered to less than 0.005 Torr. However, all data pre­
sented here were taken at pressures of 0.025 Torr or greater where there 
5 0 
was little or no distortion apparent. Nevertheless, the experimental 
error at high E/N and low pressures must be somewhat larger than that at 
the low and intermediate E/N where higher pressures could be used. An 
estimate of the experimental error at high E/N is discussed in the error 
analysis section following the presentation of the data. 
+ 
K in Ar 
In Fig. 4 are the results of the mobility measurements for K + ions 
in Ar taken at nominally 3 0 0 ° K . The limits of the parameter E/N were 
1 . 0 0 Td at the low side and 6 1 0 Td at the high end, where the pressures 
were 0 . 9 8 4 and 0 . 0 2 4 6 Torr, respectively. There is a pronounced hump in 
the mobility curve which peaks at about 1 2 5 Td. Using Equation ( 3 - 1 2 ) 
the average energy of the ion ranged from the thermal value of 0 . 0 3 9 eV 
at 1 Td to 6 . 0 eV at the highest E/N. The peak occurred at an energy of 
roughly 0 . 5 5 eV. The number on the graph next to the arrow is the zero-
2 
field reduced mobility which was measured to be ( 2 . 6 6 ± 0 . 0 5 ) cm /V-sec 
by averaging the low E/N points. This value may be compared to that mea-
4 2 
sured by Tyndall who obtained 2 . 6 3 cm /V-sec; the Langevin polarization 
2 
limit as given by Equation ( 3 - 6 ) yields a K Q ( 0 ) of 2 . 4 3 cm /V-sec. 
1 0 2 
Elford obtained ( 2 . 6 4 ± 0 . 0 2 ) cm /v-sec at pressures of 1 . 4 to 1 9 0 Torr 
which are considerably higher than those used in this experiment. In an 
earlier paper Elford reported mobilities up to an E/N of 1 8 3 . 8 Td. 
Agreement with his data is excellent for E/N's less than about 4 0 Td, 
above which his data are lower than the Georgia Tech data by about TL. 
2 0 2 
Creaser, who got a K Q ( 0 ) of 2 . 6 7 cm /V-sec, also agrees well with the 
present data. The mobility at very high E/N may be compared to that of 
1 6 
Skullerud who covered the range from 2 2 . 9 to 7 9 3 Td with pressures from 
3.4 
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Figure 4. Reduced Mobilities for K Ions in Argon as a Function of E/N at 300 K 
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0.14 to 1.0 Torr. For all E/N, and especially for those over 150 Td, 
agreement with Skullerud's data is excellent. Keller, Beyer, and Colonna-
19 
Romano did not measure the mobility as a function of E/N, but did obtain 
2 
a zero-field reduced mobility of (2.73 ± 0.06) cm /V-sec. The zero-field 
reduced mobilities obtained in this work are compared with previous mea­
surements in Table 2. 
+ 
K in He 
The solid circles of Fig. 5 represent the reduced mobilities of K + 
ions drifting in He. For this set of measurements the lowest E/N was 1.01 
Td and the highest was 152 Td. The pressures ranged from 0.0982 Torr at 
the higher E/N's to 0.491 Torr at the low end. A zero-field reduced mo­
bility of (21.6 ± 0.4) was determined from the flat part of the curve. The 
characteristic rise in the mobility curve as the E/N is increased just 
past the thermal region is barely visible in the He data at approximately 
18 Td. 
2 
Tyndall's value of 21.5 cm /V-sec for KQ(0) is in good agreement 
2 
with the present data. The polarization limit of 16.1 cm /V-sec however 
20 2 is too low by more than 25%. Creaser also obtained 21.5 cm /V-sec and 
his points lie consistently lower than the Georgia Tech data over the range 
of 9 to 82 Td covered by his experiment. However, all the points lie 
within the range of overlap of uncertainties. Elford and Milloy''"^  mea-
2 
sured (21.3 ± 0.2) cm /V-sec for KQ(0) after corrections for the pressure 
effect discussed earlier in Chapter I had been made. 
K + in H 2 
The open circles in Fig. 5 show the variation of KQ with E/N for 
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K ions in K in the range 2.03 to 254 Td. Pressures used for this set 
of runs were between 0.0739 and 0.394 Torr. The zero-field reduced mo-
2 
bility was found to be (13.1 ± 0.3) cm /V-sec. There is a pronounced hump 
in the curve at an E/N of 100 Td. The zero-field reduced mobility may be 4 2 
compared to that of Tyndall who determined it to be 12.7 cm /V-sec. The 
2 
polarization limit of 11.2 cm /V-sec is again below the measured values. 
A further comparison is afforded by Elford's data 7 in which he measured 
2 
KQ(0) to be 12.75 cm /V-sec. Elford operated at pressures from 1 to 50 
Torr and his E/N covered the range 0.6 to 91 Td. His points generally lie 
2 to 3% below the present Georgia Tech data. Fleming, Tunnicliffe, and 
Rees^ investigated the mobility over a larger range of E/N than Elford, 
3 to 200 Td, with pressures reported at 0.63 to 13.3 Torr. The data of 
Fleming, et al., agree well with Elford's data at E/N below about 70 Td 
and hence are also lower than the current Georgia Tech data. Above 70 Td 
the measurements by Fleming, et al., fall below those of Elford and at 
the peak of the mobility hump, the Georgia Tech data is roughly 6.47o 
higher than Fleming's. At the higher E/N the points of Fleming fall 
systematically lower than the Georgia Tech data and are as much as 12.57o 
lower at an E/N of 200 Td. 
12 
A final set of data for comparison is that of Miller whose mea­
surements were made in the same drift tube as were the new data reported 
by the Georgia Tech group here. Improvements in the apparatus and analy-
+ 
sis warranted another look at K in . Miller's zero-field reduced 
2 
mobility of (12.8 ±0.6) cm /V-sec compare favorably with the current 2 value of (13.  ± 0.3cm /V-sec. Below about 30 Td there is considerable scatter in Miller's points whi h extend down t  n E/N of 1.41 Td. In 
55 
the present measurements care was taken to set up the runs with low source 
voltages to try to minimize scatter in the data. It was possible to 
achieve less than 1% random scatter in the low E/N range which is a slight 
improvement over the previous work. There is good agreement over the 
remaining range of E/N. Miller's data extended to 422 Td which is well 
above the 254 Td limit of the more recent work. 
K + in Ne 
The third inert gas to be studied was Ne. The mobility results 
appear in Fig. 6 as the solid circles. The zero-field reduced mobility 
2 
of (7.43 ± 0.15) cm /V-sec is indicated on the figure. The experimental 
parameters used for this gas were 1.26 ^ E/N ^ 203 Td and 0.0736 ^ P ^ 0.393 
Torr. The rise in the mobility spectrum is well defined, being less pro­
nounced than the large Ar peak, but considerably more than the slight 
rise occurring in He. Thus, we may assume that the relative peak heights 
for the inert gases increase with increasing mass of the atomic gas. 
2 2 
The Tyndall mobility of 7.50 cm /V-sec and the value 7.42 cm /V-sec 
of Crompton and Elford"* are in good agreement with the present result. 
2 
The Langevin polarization value of 6.07 cm /V-sec deviates considerably 
from the measured value. The Crompton-Elford data for 4.25 ^ E/N ^ 31 Td, 
and pressures of 3.3, 4.6, and 12.5 Torr match up well with the Georgia 
20 
Tech data. Creaser, who obtained a zero-field reduced mobility of 7.41 
2 
cm /V-sec, carried the range of E/N up to around 82 Td, where there is 
also excellent agreement. 
K + in 0 2 
Fig. 6 also presents the K + in mobility data for E/N in the 
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range from 3 . 0 4 to 3 2 8 Td and pressures varying from 0 . 0 4 9 1 to 0 . 4 9 1 Torr. 
2 
As indicated on the graph K Q ( 0 ) was ( 2 . 7 2 ± 0 . 0 5 ) cm /V-sec. The only 
1 4 
previous measurements were those of Snuggs in work done in this lab. 
Snuggs covered roughly the same range of E/N, but his measurements at 
the lowest E/N's included pressures of 6 . 2 7 Torr; his K Q ( 0 ) was ( 2 . 6 8 ± 0 . 0 7 ) 
2 
cm /V-sec. Despite the use of high gas pressures, Snuggs' data appears 
unaffected by clustering, and there is excellent agreement throughout 
the entire spectrum. The polarization limit this time agrees somewhat 
2 
better at 2 . 6 1 cm /V-sec. 
K + in NO 
The other curve on Fig. 7 is for CO^ having a K Q ( 0 ) of ( 1 . 4 5 ± 0 . 0 3 ) 
2 
cm /V-sec. Measurements were made over a range of E/N from 1 0 . 1 to 7 0 8 
Td, where pressures of 0 . 0 2 9 5 to 0 . 0 9 8 2 Torr were used. Cluster formation 
was monitored by counting the number of clustered ions arriving at the 
detector during a fixed time interval. By comparing this number to the 
counts registered by the dominant K + ions for an identical time period, 
one can arrive at an intensity ratio of clustered to unclustered ions. 
This ratio varied from 1 .0% at 70 Td to as much as 3 . 4 % at 1 0 Td. Pres­
sures used in this range were nominally 0 . 0 5 0 , 0 . 0 7 5 , and 0 . 1 0 0 Torr. 
Above 70 Td the cluster percentage was less than 1%; it decreased to 0 . 1 1 % 
at an E/N of 1 2 5 Td. All other results were below the 3.4%, level and in 
each case there was no visible distortion of the arrival time spectrum. 
It is believed that clustering had no appreciable effect on the results 
for CO^. No other data on CO^ which are unaffected by clustering are 
known at this time. 
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From about 50 to 200 Td there is a slight but unmistakable dip in 
the mobility curve, a structure not observed before in other gases in­
vestigated by this laboratory. This depression of the mobility occurs 
between the zero-field range and the characteristic rise exhibited by 
the other curves. The dip bottoms out at about 200 Td where the mobility 
is 7.67o below the zero-field value. The energies corresponding to 50 
and 200 Td are, from the Wannier theory, 0.054 and 0.266 eV, respectively. 
It is known that the CO^ molecule possesses a large cross section for 
vibrational excitation by electron, impact at electron energies of the 
41 
order 0.1 eV. Therefore, it is possible that vibrational excitation 
of CO^ by ionic impact may cause the dip in the mobility. A similar ef-
52 + 
feet has been observed by Takata for Li ions in N 2« Although he admits 
the presence of clusters, he maintains that they could not explain such 
a large effect on the mobility curve. He also postulates that the phenom­
enon is caused by details of the molecular structure. To justify this 
hypothesis a rigorous calculation of the mobility as a function of E/N 
is needed. Such a treatment is not expected for sometime, although work 
in this direction is anticipated. 
Table 2 summarizes the zero-field reduced mobility results obtained 
in this laboratory and compares them to previously measured values. 
Error Analysis 
The determination of the experimental error of a mobility measure­
ment requires an analysis of the parameters z, t, V, P, and T as they ap­
pear in the equation for the reduced mobility, 
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Table 2. Zero-field Reduced Mobilities of K Ions in Various Gases 
Expressed in cm^/V-sec 
Gas Reduced Mobility Reference E/N Range Covered (Td) 
He 21.6 ± 0.4 This Work (48) 1.01-152 
21.5 Creaser (20) 9 - 82 
21.3 Elford and Milloy (10) 1 - 28 
21.5 Tyndall (4) 
Ne 7.43 ± 0.15 This Work (48) 1.26-203 
7.41 Creaser (20) 9 - 82 
7.42 Crompton and Elford (5) 4.25-31 
7.50 Tyndall (4) 
Ar 2.66 ± 0.05 This Work (48) 1 -610 
2.67 Creaser (20) 9 -107 
2.64 Elford and Milloy (10) 1 - 28 
2.73 Keller, et al. (19) 
2.63 Tyndall (4) 
H 13.1 ±0.3 This Work (48) 2.03-254 
12.8 Elford and Milloy (10) 1 - 28 
12.70 Fleming, et al. (11) 3 - 2 0 0 
12.8 Miller, et al. (12) 1.41-422 
12.9 Albritton, et al. (2) 1.59-143 
12.75 Elford (7) 0.6 - 91 
12.7 Tyndall (4) 
0 2.72 ± 0.05 This Work (48) 3.04-328 
2.68 Snuggs, et al. (14) 1.53-308 
NO 2.28 ± 0.05 This Work (48) 2.03-703 
2.245 Volz, et al. (15) 2.88-345 
C0 2 1.45 ± 0.03 This Work (48) 10.1 -708 
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K 0 V/z 760 T ' 
The mobility K has been replaced by the quantity v^/E. The drift velocity 
is calculated by the differencing technique to get Az/At and the electric 
field intensity is given by V/z, where V is the potential applied across 
the guard rings. 
Drift Distance 
Drift distances are known to within ± 0.008 cm and positioning of 
the source is repeatable to within ± 0.003 cm. The difference between any 
two adjacent source positions is about 6.25 cm. Since there are two 
lengths involved, the individual errors must be doubled. Hence the un­
certainty in Az is 0.26% systematic and 0.096% random. However, another 
factor of length appears due to the electric field intensity. For a drift 
distance of 25 cm corresponding to position 4, the errors in the measure­
ment of z are 0.032% systematic and 0.0127orandom. Since the z and Az are 
present as a product, the total error for the length may be found by adding 
up the respective uncertainties, resulting in a i 0.29% systematic and 
± 0.11% random errors. 
Time 
Systematic errors in the measurement of the drift times have been 
discussed in detail in references 25 and 43, where the error due to dif­
fusion for times obtained in the differencing method was found to be no 
more than ± 0.1%. The scatter of experimental times about the least 
squares fit straight line was never more than 0.5% and frequently it was 
0.2% or less. However, the random error will be taken to be ± 0.5%. 
Uncertainties in the time produced by reactions are negligible since care 
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was exercised to operate under conditions where reactions were insignificant. 
Pressure 
It has been the practice in this laboratory to calibrate the 
pressure measuring device (MKS Baratron) using the method proposed by 
44 
McDaniel and Martin. The procedure involves comparing the measured 
value of the zero-field reduced mobility of K + ions in H to the accepted 
2 
"standard" value of 2.54 cm /V-sec which has been established by several 
laboratories throughout the world. A pressure calibration factor is ad­
justed to eliminate the discrepancy between the two values. Several such 
calibrations have indicated that the systematic error in pressure measure­
ment has been no more than ±1.5%. A random error of ± 0.3% is caused by 
fluctuations and drift of the Baratron pressure controller. 
Temperature 
Chrome1-alumel thermocouples on the top, center, and bottom guard 
rings in the drift region monitor the temperature. At each source posi­
tion three readings are made, so that in most cases there are 12 measure­
ments associated with a run. The final temperature for the run is found 
by averaging the individual readings. The predominant error propagated 
is from a thermal gradient in the drift region due to uneven heating of 
the gas by the source. No data were taken when the gradient exceeded 
3 degrees out of 300°K which represents a 1% systematic error. Fluctua­
tions about the average value were such that the random error is determined 
to be ± 0.5%. 
It was previously mentioned that high E/N mobility measurements 
at low pressures were subject to an additional error due to a slight devia­
tion of the arrival time spectrum from the mathematically predicted shape. 
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The curve is skewed toward earlier times which is opposite to the expected 
behavior. A Monte Carlo calculation of the drift velocity of K + in Ar 
for an E/N of 600 Td and pressure of 0.025 Torr at 300°K indicated that 
the mean free path of an ion was of the order of 0.5 cm. When the pressure 
was increased to 0.100 Torr, the drift velocity from the computer simula­
tion was found to increase about 10%. Hence, the experimentally measured 
v^'s and K Q ' S may be in error by as much as 10%, at high E/N where pressures 
on the order of 0.025 Torr were used. The lowest pressures in Torr for 
each gas were: 0.0982(He), 0.0736(Ne), 0.0246(Ar), 0.0739(H2), 0.0491(O2), 
0.0344(NO), and 0.0295(C02). At the following E/N's and higher values 
(in Td) the skewness should be taken into account: 102(He), 172(Ne), 
75(Ar), 203(0 2), 152(NO), and 268(C0 2). The spectra for K + in H 2 were 
skewed less than those in the other gases. Hence, with the exception 
of H 2, an error of ± 10% will be assigned to the mobilities in the high 
E/N range defined by the above values of E/N. We assign an error of ± 5% 
to H 2 > It should be noted that this is a rough estimate. These values 
were determined by inspection of the arrival time spectra compared to the 
computer generated fit for determining D T. We do not believe our mobility 
results are in serious error since, as shown in the next section, omega 
integrals calculated from our data using Equation (3-28) agree well with 
omega integrals determined from beam scattering data at high effective 
temperatures. The E/N's listed above fall in the high field region. They 
occur well past the KQ peak for Ne, 0 2 , and He; for Ar and NO they are just 
below the peak and in C0 2 the value lies just before the rise in KQ as E/N 
is increased. A cutoff for H 2 could not be easily determined. 
Table 3 summarizes the above error estimates. The various 
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Table 3. Uncertainties in the Measurement of Mobilities 
Systematic Random 
Length ± 0.29% + 0.11% 
Time 0.1 % 0.5 % 
Pressure 1.5 % 0.3 % 
Voltage 0.11% 0.05% 
Temperature 1.0 % 0.5 % 
Total Error: Low and Intermediate E/N ± 2.0% 
High E/N, H 2 ± 5% 
High E/N, Other Gases ± 10% 
uncertainties apply to the data for each gas. The overall error was found 
by taking the square root of the sum of the squares of all the errors, 
since they are presumed independent. Thus, the uncertainty in any given 
measurement of the reduced mobility is ± 2%, at low and medium fields. Of 
course, there is an error associated with each value of E/N since both E 
and N are subject to experimental error. Making estimates like those 
above one finds the uncertainty in the determination of E/N to be ± 1.9%. 
Omega Integrals 
As mentioned in Chapter III, the omega integral provides the neces­
sary intermediate link between converting ion mobility data into useful 
information about the ion-neutral interaction potential. The mechanics 
23 
of the link have been supplied by Mason and Viehland. Using the concept 
of the omega integral, they have demonstrated a fundamental equivalence 
65 
between the mobility at high electric fields and relatively low temperatures 
(the order of 300°K) and the low-field mobility at high temperatures. By 
substitution of an effective ion temperature for the neutral gas temper­
ature T, field-dependent quantities may be transformed to obtain their 
behavior with temperature variation. Of course, this is not just an ad 
hoc procedure; it has been rigorously justified from first principles in 
their paper. 
In Fig. 8 the omega integral Q ^ ' ^ i n units of A.2 is presented as 
a function of the effective temperature T for K + ions in the three inert 
eff 
gases studied in this research, He, Ne, and Ar. The circles represent 
reduced mobility data which have been converted to the omega integral via 
Equation (3-28). The experimental values are taken from this laboratory 
and from references 48 and 49. Notice the extremely wide range of temper­
atures made possible by the high-field variation of mobility. There are 
two independent checks on the validity of the theory afforded by experi­
ment. First are the mobility data as functions of E/N taken at different 
gas temperatures which are in excellent agreement with the calculated 
omega integrals. Also omega integrals for the zero-field reduced mobil­
ities as functions of temperature can be found from the Chapman-Enskog 
theory, which is undoubtedly correct for low fields; agreement in this 
case is again quite good. 
Secondly the scattering of fast ion beams in gas targets provide 
45 
another important test of the theory. Numerical integration using the 
potentials obtained from the beam data gives a value for the omega integral 
which is independent of the Viehland-Mason theory. These results are 
T(°K) 
Figure 8. Omega Integrals for K in He, Ne, and Ar as Functions of Effective 
Temperature; Polarization Limit; Beam Data(Ref. 45) 
6.7 
shown as the solid lines at the high temperatures; the agreement is 
exceptionally good for the inert gases. The dashed lines at the upper 
end of the graph are the polarization asymptotes. The points are seen 
to lie below these limits due to the additional repulsive part of the 
potential being added in which tends to somewhat cancel the polarization 
attraction and hence lower the omega integral. 
Figure 9 depicts the collision integrals for K + ions in NO, 0^, 
and obtained from (3-28). The solid circles represent the values of 
n^1,1^ for K + in 0 ^ The dashed 1 ines at low T (below 1000 degrees 
Kelvin) are the polarization limits ; the longest dashed line belongs with 
the NO data. At high T the data are again compared with omega integrals 
calculated from beam scattering results. The long dashed line corresponds 
to K + in NO; the solid line belongs with 0^, and the short dashes are for 
K + in H^. The repulsive potentials used in the calculation of the omega 
integrals for the beam data may be found in Reference 45. 
Figure 10 shows Q ^ ' ^ a s a function of T for the cases K + in CO^, 
CO, and N 2- The lines again refer to the polarization limit at low T 
and beam scattering omega integrals at high T (see Reference 45). The 
solid lines correspond to K + in CO. 
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Figure 10. Omega Integrals for K in N , CO, and CO as Functions 
of Effective Temperature. Solid Lines for Polarization 
Limit and Beam Data(Ref. ^5) Correspond to CO. 
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CHAPTER V 
LONGITUDINAL DIFFUSION COEFFICIENTS 
The longitudinal diffusion coefficients which describe diffusion 
parallel to the electric field have been determined from an analysis of 
the arrival time spectra at a given E/N. At present the only method for 
obtaining D^ is by comparison to predictions from mathematical models of 
24 26 27 
drift tubes, such as the one developed by Gatland. ' ' Of course 
each model must incorporate the boundary conditions characteristic of the 
drift tube to which it applies. The ultimate accuracy of a diffusion 
coefficient measurement depends upon how well the model describes the 
arrival time spectrum, or conversely, how well the equipment conforms to 
the mathematical model. Since boundary effects must be approximated by 
mathematical functions, for example the ion source term being represented 
as a delta function as in Equation (2-2), there are inherent errors just 
due to the model alone. In addition purely experimental errors further 
complicate the problem. Therefore one cannot hope to achieve the same 
degree of accuracy in measuring diffusion coefficients that one has been 
13 
able to obtain for mobilities. Moseley, et al. in 1969 were the first 
4-4- 4-
to report measurements of longitudinal coefficients (N , N 2 , and K ions 
in N 2 ) , but his low-field values were substantially higher than the value 
calculated from the Einstein equation. With subsequent refinements in 
experimental techniques and analysis, not to mention a greater understand­
ing of the problems involved, we now have the ability to determine longi-
71 
tudinal diffusion coefficients to within about 5%. This gain in accuracy 
now makes possible more useful comparisons with theories like those of 
Wannier and those of Whealton and Mason. 
Longitudinal Diffusion Coefficient Data 
Ar, N 2, and CO 
The longitudinal diffusion coefficients for the motion of K + ions 
in Ar, N 2, and CO are shown in Fig. 11. The data on N 2 and CO are those 
3 
of Thomson, et al., and are included for completeness. The solid circles 
are the experimental diffusion coefficients. As described in Chapter II, 
the D values were obtained by curve fitting the Gatland expression, 
JL 
Equation (2-5) , to the experimental arrival time spectra. Since D is 
L> 
inversely proportional to the number density N, it is convenient to pre­
sent the data in the form ND to eliminate the explicit dependence on N. 
Li 
In Ar the range of E/N covered was from 1 to 610 Td with pressures at the 
low E/N's of 0.984 Torr decreasing to 0.0246 Torr at the opposite extreme. 
The N 2 data extend over a range of E/N from about 4 to 636 Td, the corres­
ponding pressure limits being 0.636 and 0.0246 Torr. The CO measurements 
also cover a wide range of parameters, 3.94 ? E/N ? 640 Td and 0.026 ? 
P =• 0.795 Torr. Note the broken scales on the two vertical axes. The 
dashed curve is the theoretical prediction of Wannier for the constant 
mean free time case as prescribed by Equation (3-18) in Chapter III. In 
each case the agreement with this calculation at low E/N is good, but for 
intermediate and high values the theory and experiment differ substantially. 
Better agreement in the medium field case is provided by the solid curve 
which is the free flight theory given by Equation (3-20). Recall that in 
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Figure 11. Longitudinal Diffusion Coefficients for K in Ar, N^, and CO 
Compared to Original and Modified Wannier Predictions 
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the free flight case the mean free time between collisions is not taken 
to be a constant, but is allowed to vary with E / N . One check of the dif­
fusion measurements is to compare the low field coefficients with the 
prediction of the Einstein equation. These values, shown on the face of 
18 18 18 
the graph below each curve, are 1.86 x 10 , 1.76 x 10 , and 1.60 x 10 
cm ''"sec ^ for K + in Ar, N 2 , and CO, respectively. In each case agreement 
with these predictions is within the experimental error of 5%. However 
there is still a discrepancy at high E / N where the predicted diffusion is 
too large by as much as a factor of 2. The divergence of the data from 
the theory may in part be due to the failure of the model to account for 
forces other than that of polarization. Using Wannier's expression for 
the ionic energy, Equation (3-12), one finds the average energy to be 6 eV 
at the highest E / N for Ar. At these energies it is reasonable to assume 
the the ion is certainly seeing some of the effects of the medium and 
short range forces* hence the breakdown of the theory is not surprising. 
Experimental errors for all diffusion coefficients except those at ex­
tremely high E / N are taken to be about 5%. Due to the use of low pres­
sures in the region above about 2.00 Td, the uncertainty in a measurement 
in this range may be substantially higher than 57o, but there are no indi­
cations that the entire discrepancy between theory and experiment can be 
explained by this effect. More about the error induced at high E / N ap­
pears in the error analysis section at the end of the chapter. 
16 
Skullerud has also measured the longitudinal diffusion coeffi­
cient for K + in Ar over a range of E / N from 85 to 793 Td, where his ex­
perimental error was quoted as ± 10%. His measurements were made at pres­
sures of 0.14, 0.2, 0.3, and 0.5 Torr with the temperature in the range 
74 
284 x ? 286°K. A comparison with his data is given in reference 18 
which shows good agreement throughout the range of E/N and even at the 
high E/N where Skullerud's values fall slightly below the Georgia Tech 
data. The solid curve in reference 18 is the theoretical prediction of 
36 
Whealton and Mason ; the behavior of the theory at high E / N is not quite 
correct due to a mathematical error discovered after publication, and 
hence the exceptionally good agreement with the data above about 100 Td 
is misleading. The error, which was a factor of 3/2 instead of 1 mul­
tiplying the correction term in Equation (3-22), has been corrected and 
accurate graphs appear in Fig. 14. The agreement with Skullerud's dif­
fusion measurements give added confidence to the validity of the high 
E/N values obtained in this laboratory. 
13 
As mentioned before, Moseley's longitudinal diffusion data for 
K +, N +, and ions in ^ were the first quantitative results to be re­
ported. However, he used relatively short drift distances and there was 
47 
appreciable scatter in his low-field data. Milloy in 1973 published 
values for the longitudinal diffusion coefficient of K + in ^ over a range 
of E/N from 2.83 to 28.3 Td. His measurements were made without a mass 
spectrometer, and at his highest pressure of 9.82 Torr, the formation of 
the K +»N 2 cluster could have been significant. Milloy's results are in 
poor agreement with the work of Thomson. At Milloy's lowest E/N his 
value of ND L is 6% above the Einstein value, and at 14 Td his ND L is 11% 
above the prediction from the Wannier equation. 
H 0, H , and Ne 2 e' 
Figure 12 shows the longitudinal diffusion results for these gases. 
g u r e 12. L o n g i t u d i n a l D i f f u s i o n C o e f f i c i e n t s f o r K i n H, 
H e , a n d N e C o m p a r e d t o W a n n i e r P r e d i c t i o n s 
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The theoretical curves have the same meaning as in the previous figure. 
The numbers below the curves are the Einstein diffusion coefficients cal-
1 8 1 9 
culated from the zero-field mobilities; they are 9 . 1 0 x 1 0 , 1 . 5 0 x 1 0 , 
1 8 - 1 - 1 
and 5 , 1 0 x 1 0 cm sec for H 2, He, and Ne, respectively. The experi­
mental values are seen to be in good agreement. There is again the high-
field "breakaway" from the theory. The lowest pressure used in the H 2 
and He work was 0 . 0 7 3 9 Torr at the high E / N and in He the lowest pressure 
was 0 . 0 9 8 2 Torr, where the mean free path is about 0 . 0 6 cm. These pres­
sures represent a factor of 3 and 4 increase over the pressures used in 
the Ar, N ^ , and C O work at high E / N , and there is still a significant 
discrepancy between the theory and the experimental values. Hence from 
this fact alone it appears that any pressure effect at high E / N could not 
account for an appreciable portion of the divergence from the theory. 
0 2 , N O , and C 0 2 
This set of diffusion data appears in Fig. 1 3 . The dashed line is 
again the constant mean free time Wannier curve, and the solid curve is 
the free flight theory. The same pattern at high E / N is seen for these 
gases also. The experimental points are as much as a factor of 2 lower 
than the theory in the region of high E / N . In the 0 2 and N O graphs the 
measurements do not extend into the zero-field regime, where the Einstein 
1 8 1 8 - 1 - 1 
values for 0 2 and N O are 1 . 8 9 x 1 0 and 1 . 5 8 x 1 0 cm sec , respec­
tively. There was considerably more scatter in the low-field diffusion 
coefficients for 0 2 and N O than in the other 7 gases, and it was not pos­
sible to obtain data consistent with the Einstein values to within the 
experimental error of 5 % . This discrepancy has also been observed by 
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Figure 13. Longitudinal Diffusion Coefficients for K in 0 
NO, and CO ? Compared to Wannier Predictions 
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Snuggs for K in 0^ whose low-field diffusion coefficients were an 
average of 8.4% higher than the Einstein value calculated from his zero-
2 15 field reduced mobility of 2.68 cm /V-sec. Volz's data on NO also 
showed a large amount of scatter in the low field region and some of his 
values were as much as 25% above the Einstein value. These divergences 
probably arise from the fact that NO and 0^ are particularly difficult 
gases to work on at pressures of 0.3 to 0.5 Torr used at low E/N. These 
gases tend to inhibit the proper setup of the source pulsing, perhaps 
due to their highly corrosive and reactive characteristics. Since the 
Einstein equation is known to be rigorously correct at low E/N, and since 
the zero-field reduced mobilities are available to calculate the Einstein 
values, actual experimental measurements of the low-field diffusion coef­
ficients are redundant. However the measurements are performed when pos­
sible to provide a check on the experimental procedures. 
+ 
The third curve on Fig. 13 is for K ions drifting in CO2. Good 
18 -1 -1 
agreement with the Einstein value of 1.01 x 10 cm sec was obtained 
in this case. The Wannier theory again fails above about 400 Td at the 
high E/N. There is also a depression of the diffusion coefficient in the 
range of intermediate e/n from about 50 to 200 Td, which corresponds to a 
similar effect found in the mobility curve in Fig. 7. It is expected 
that excitations of the CO^ molecule are responsible for this discrepancy, 
since the ionic energy varies between 0.055 and 0.27 eV in this range. 
Figures 14-16 show the longitudinal diffusion coefficients for the 
same nine gases, except this time the dashed curve is the diffusion coef­
ficient with the Whealton-Mason first order correction term given in 
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Figure 14. Longitudinal Diffusion Coefficients for K in Ar, N, 
and CO Showing Modified Wannier Prediction with 
Whealton-Mason First Order Correction 
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Figure 15. Longitudinal Diffusion Coefficients for K in H^, 
He, and Ne Compared to Modified Wannier Prediction 
with Whealton-Mason First Order Correction 
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Figure 16. Longitudinal Diffusion Coefficients for K + in 0 9, 
NO, and C0 2 Compared to Modified Wannier Expression 
with Whealton-Mason First Order Correction 
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Equation ( 3 - 2 2 ) . When modified slightly to incorporate the reduced 
mobility K^, ( 3 - 2 2 ) becomes 
r dXnKo i 
NDL = NDL(E) [l + gj^-J (4-1) 
where ^(E) is the Wannier free flight value from ( 3 - 2 0 ) and is plotted 
as the solid curve. In all cases we see that the correction improves the 
fit at intermediate fields except for CO2 which is possibly distorted by 
inelastic collisions. At high E / N the correction is in the right direc­
tion but is not large enough to account for all of the discrepancy. In 
the case of CO^ the correction appears to be actually worse than the free 
flight model; however, the data do not extend in E / N beyond the peak in 
the mobility curve, and presumably if they did, the corrected curve would 
cross the solid line and eventually fall below it. Higher order correc­
tions might possibly result in still better agreement, but at present 
they have not been carried out. 
It is interesting to note the correlation between the peak in the 
mobility curve and the point where the longitudinal diffusion coefficients 
start to diverge from the free flight theory. Table 4 gives for each gas 
the approximate E / N where the breakaway of the diffusion coefficient 
first occurs along with the E / N at the peak of the mobility curve. Also 
included are the energy at the peak and the energy associated with the 
highest E / N . The Wannier energy formula ( 3 - 1 2 ) was used for this purpose. 
It is seen from the table that the breakaway occurs at roughly the same 
E / N , and hence energy, as the peak of the data. Of course this is to 
be expected, since other forces besides polarization start to influence 
83 
the drift parameters at these energies. 
Table 4. Energies Associated with KQ Peak and ND^ Breakaway 
Gas Breakaway E/N K Q Peak E/N Energy at K ^ Peak Maximum Energy 
Ar 100 Td 100 Td 0.55 eV 6.0 eV 
N 2 160-200 200 1.4 6.6 
CO 200 225 1.3 6.3 
H, 100 100 4.7 19.7 
He 20-25 18 0.3 7.3 
NO 200 250 1.4 7.9 
°2 125 151 0.8 2.8 
co2 500 700 4.8 4.8 
depression in CO,..: 
start 50 Td (0.055 eV) 
minimum 200 Td (0.27 eV) 
Ne 38 31 0.2 2.7 
Diffusion Error Analysis 
As mentioned in Chapter III the measurement of the longitudinal 
diffusion coefficient involves a computerized curve fitting of the experi­
mental arrival time spectrum. The theoretical expression used is 
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where $(z,t) is the ionic flux density, A the area of the exit aperture, 
s the planar density of ions gated out of the source, and r^ the radius 
of the entrance aperture. The quantity a is a depletion reaction fre­
quency and v^ is the drift velocity previously measured for the current 
value of E / N . The drift distance z depends upon the source position, 
which in all but a few cases corresponded to the four longest drift dis­
tances. Since the theoretical curve does not include the time ions spend 
in the analysis region, the experimental distribution is shifted along 
the time axis until both peaks are aligned. Then both peak heights are 
normalized to unity. The unknown values A and s in Equation ( 4 - 2 ) are 
2 5 2 
not needed. Moseley has shown that the term ( 1 - exp(r^ /4D,j,t)) af­
fects only the magnitude of the spectrum, leaving the shape unchanged 
over a variation in of as much as 0 . 0 1 to 1 0 D ^ . Hence in the 
absence of any direct measurements of D ^ , one may invoke the Wannier free 
flight theory value from Equation ( 3 - 2 0 ) for a reasonable estimate of D ^ . 
The sources of error in determining N D L are then v^, z, a, and the 
uncertainty in the curve fitting procedure itself. The reaction frequency 
a may produce a substantial error if reactions are present, but in the 
present case of K + ions the degree of ion-molecule reactions was insig­
nificant; hence, ot was set to zero. 
In order to estimate the systematic error in a determination of D 
Li 
the low-field diffusion coefficients for each gas have been analyzed and 
compared to the Einstein value calculated from the zero-field reduced 
mobilities for that gas. At the lowest values of E / N for each gas except 
N O and 0^, the curve of N D ^ vs. E / N flattens out and the diffusion coef­
ficients tend to a constant value which should be those obtained using 
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the Einstein relation. However, due to experimental errors there is 
usually some discrepancy between the measured limit and the predicted 
number. Since the Einstein relation is rigorously correct, the ND calcu­
lated from it may be taken to be the true value in the low-field limit. 
There is of course an error even in the Einstein value due to the uncer­
tainty in the zero-field reduced mobility used, but as mobilities are much 
more accurately and precisely measured than diffusion coefficients, this 
error of 2% should not seriously prohibit comparisons. The average values 
of the diffusion coefficients in this flat region for each gas and the 
corresponding RMS fractional deviations from this average are given in 
the first and second columns of Table 5. The percentages give some idea 
of the random scatter involved. The table also shows the Einstein values 
using the mobilities from Chapter IV. Also given is the percent discrep­
ancy between the low-field average and the Einstein value. The plus sign 
indicates that the measured value was higher than the predicted and the 
opposite is true for the minus sign. The numbers for NO and 0^ are omitted 
since diffusion coefficients in the low-field region were not reported for 
these gases, due to experimental difficulties which precluded getting good 
agreement with the Einstein values. In each case except Ar the measured 
ND was higher, confirming the belief that any systematic errors in the 
experiment nearly always cause the diffusion coefficient to be too high. 
The agreement with the Ar data is probably fortuitous, because the same 
techniques were used in these measurements that were used for all the 
other gases. 
The error in the drift velocity may be calculated from the indi­
vidual errors in the Az and At as discussed in the error analysis for the 
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Table 5. Comparison of Measured Low-field ND^ 
with Einstein Value 
Gas Ave. Low-field ND^ % RMS Einstein ND % Dis-
(x 10^^cm*isec" ) Dev. (x 10-'-^cm"isec"i) crepancy 
He 15.3 1.8 15.0 +2.0 
Ne 5.34 1.7 5.16 +3.5 
Ar 1.84 3.3 1.85 -0.5 
H 2 9.28 2.5 9.10 +2.0 
0 2 -- 1.89 
NO -- 1.58 
C0 2 1.06 1.5 1.01 +4.6 
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mobilities in the previous chapter. The uncertainty in v^ is then 0.58%. 
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Schummers has found that the error in a value of D is approximately 
three times the error in the drift velocity. Hence the overall contribu­
tion to the error is 1.747o at low and intermediate E / N ' S . 
Another explicit source of error is in the value of z itself. Com­
pared to the other errors this uncertainty of 0.034% is practically neg­
ligible. However, there is a substantial error in the determination of 
the neutral gas number density N which multiplies D . Since the diffusion 
coefficient varies inversely with N , the width of the time profile also 
reflects in a qualitative way the value of N . The width is an indication 
of the "true" number density as the ions see it. The instruments, subject 
to the fluctuations and calibration errors, measure the pressure and tem­
perature, and the ideal gas law is used to calculate N , which has corres­
ponding experimental errors in it. Hence the product N D ^ is not inde­
pendent of experimental pressure and temperature errors, since the im­
plicit value of the number density associated with D is not the same as 
j-i 
the explicit N as calculated. The uncertainty in N found by combining the 
errors in P and T from Table 3 is 1.9%. 
At each E / N , spectra were obtained for several source positions, 
usually the four longest. For each distance a diffusion coefficient was 
determined with all parameters the same except for the drift distance. 
The values obtained exhibited a random scatter which is perhaps the best 
indication of the error available. The scatter was found to be signifi­
cantly larger at the higher E / N ' s . The region of "high" E / N is taken to 
be those values of E / N at the peak of the mobility curve and higher. This 
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region also corresponds to the region where the experimental ND begin 
to break away from the Wannier theory. Medium or intermediate fields lie 
between the low field characterized by the flat part of the mobility spec­
trum and the high fields. The RMS deviations of the ND are indicated 
in Table 6. 
Table 6. Error Estimates in the Measurement of ND. 
(all errors expressed in percent) 
He Ne Ar H 0 C L NO CO 
Systematic 
Low-Med. E/N 2.0 
High E/N 10-15 
RMS Deviation 
Low-Med. E/N 4.0 
High E/N 3.0 
Drift Velocity 
Low-Med. E/N 1.7 
High E/N 30 
Number Density 1.9 
Total Error 
Low-Med. E/N 5.2 
High E/N 30-35 
3.5 0.5 2.0 
10-15 10-15 10 
3.0 4.0 3.0 
3.6 6.4 7.5 
1.7 1.7 1.7 
30 30 15 
1.9 1.9 1.9 
5.3 4.8 4.5 
30-35 30-35 15-20 
2.0 2.0 2.6 
10-15 10-15 10-15 
3.0 3.0 3.0 
3.0 3.7 3.0 
1.7 1.7 1.7 
30 30 30 
1.9 1.9 1.9 
5.3 5.3 6.1 
30-35 30-35 30-35 
A further complication in estimating the error occurs at high E / N 
where it was necessary to use relatively low gas pressures, the lowest 
being 0.0246 Torr in Ar. Diffusion data using these low pressures ex­
hibited a definite systematic skewness of the arrival time spectrum which 
was evident from the curve fitting analysis. The departure from the theo-
8 9 
retical model was relatively slight and an assessment of the error 
associated with the effect is difficult to make. There is no evidence to 
indicate that the discrepancy between the measured and Wannier ND ' s is 
Li 
entirely due to experimental error. In the case of K + in Ar there is good 
agreement in the high-E/N range with the data of Skullerud"^ whose lowest 
pressure was 0 . 1 4 0 Torr. Hence it is believed that the high-E/N diffusion 
coefficients cannot be in serious error. In the measurements the pres­
sure was varied in the high-E/N range to ensure that an anomalous pressure 
effect was not the cause of the divergence from the theory. In Ar the 
breakaway trend was unaffected when pressures of 0 . 0 4 9 2 and 0 . 0 9 8 4 Torr 
were used at E / N slightly lower than the maximum. This represents a 
factor of 2 and 4 above the lowest pressure used in that gas. In t n e 
discrepancy persisted when the pressures were varied from 0 . 0 7 3 9 to 0 . 1 4 8 
Torr over a range of 1 0 1 to 2 5 4 Td. Similar findings occur for the other 
gases. Despite these observations the fact that the arrival time spectra 
at high E / N do not conform exactly to the predicted mathematical model is 
cause for concern. The experimental points of the spectrum are slightly 
higher than the predicted values on the early time side of the peak and 
lower on the late side. The discrepancy may be due in part to the in-
increased mean free path and correspondingly lower cross sections at the 
lower pressures. There may also be an intrinsic skewness of the ionic 
velocity distribution function at these high E / N . Much of the discrepancy 
with the Wannier theory is probably due to interactions other than pure 
polarization becoming important. 
A crude estimate of the minimum systematic error in D at high E / N 
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is about 10-12% based on the fact that Moseley was able to discern 2 
differences in an arrival time spectrum when D was varied by about 12%. Li 
This type of error is not exactly the same as a skewness type error, but 
it does provide some guidance. Another contributing factor to the error 
at high E/N is the error associated with the drift velocity at high E / N 
from Chapter IV. It was concluded that for all gases except which had 
an error of + 57o, there was a possible uncertainty of ± 10% in v^ at high 
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fields. This would, according to Schummers, cause an error of about 
± 307o in D^. A systematic error of roughly ± 10-157, due to the skewness 
problem will be assigned as a reasonable guess. The error propagated by 
the drift velocity is taken to be about ± 30%. The total error then at 
high fields is approximately ± 30-35%. 
The systematic error at low and intermediate fields is just the 
discrepancy from the Einstein value appearing in Table 5. The values of 
2.0% for H 2 and 02 apply to the intermediate field region only, as low 
field NDjVs were not reported for these gases. The estimate of 4.67, for 
C02 is probably too conservative since some of the points used for the 
calculation were on the borderline between the low and medium fields. 
Hence an overall error of ± 5% at: low and intermediate fields is a sen­
sible compromise for the uncertainty in a measurement of ND^ for K + ions 
in each gas. 
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CHAPTER VI 
CONCLUSIONS 
It is important to consider whether the goals set forth in the 
beginning of this research effort were achieved. The aims as stated at 
the end of Chapter I were to measure the mobilities and longitudinal dif­
fusion coefficients over the widest range of E/N the experimental appara­
tus would permit. While obtaining these data it was also the hope to 
achieve an improved level of accuracy and precision over that attained by 
previous investigators. With the exception of measurements of K + in H 2 
by Miller"^ and K + in Ar by Skullerud, ^  the range of E / N covered in this 
work has exceeded that of other workers. One can consult Table 2 for more 
detailed information. It is believed that the quality of the present 
Georgia Tech data probably exceeds that of Miller, who stated errors for 
his alkali measurements of ± 5% at low E/N and + 20, - 15% at high E/N. 
The K + in Ar work of Skullerud was done without mass analysis and he did 
not obtain a zero-field reduced mobility. As for diffusion measurements, 
there have been only a few determinations of the longitudinal diffusion 
coefficients made outside the Georgia Tech laboratory. Only Skullerud^ 
for K + in Ar has been able to obtain reasonably good values for ND . All 
Li 
things taken into consideration, it is believed that the quality and the 
quantity, in the sense of the large ranges of E/N covered, of the Georgia 
Tech data are among the best available. To this extent the goals of the 
research have been satisfactorily accomplished. 
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The longitudinal diffusion coefficient data have been compared to 
17 36 
the theories of Wannier, Whealton and Mason, and to the Einstein equa­
tion (3-13a). Several conclusions can be drawn about the results of the 
comparisons. First of all is the fact that all diffusion data should 
agree to within experimental error with the value obtained from the Ein­
stein equation. Any systematic discrepancy is a direct indication of ex­
perimental errors in the measurement process, provided of course that the 
zero-field mobility one uses in (3-13a) is good. Referring to Table 5 
the low-field ND 1 s in each case are less than 57o from the Einstein value, 
Li 
but the diffusion coefficients are systematically higher. This tendency 
is incorporated into the error analysis as indicated in Table 6. 
It has been demonstrated that the Wannier pure polarization model, 
Equation (3-14), works well only at the low and slightly higher E/N, 
whereas the modified equations (3-20) work well all the way up to the 
high E/N regime. At high fields a "breakaway" from the Wannier predictions 
is observed in each of the nine gases studied. There is an increase in 
the experimental error at high E/N, but it is concluded that the discrep­
ancy from the theory is not caused by experimental error alone, since 
forces other than the pure polarization force undoubtedly begin to become 
important at high E/N. The Whealton-Mason first order correction to the 
diffusion coefficient given by (3-22) is seen to be in the right direction 
but not large enough in magnitude to obtain the type of agreement observed 
at low and intermediate fields. Higher order corrections might improve 
agreement further. 
The mobility data obtained for K + in the various gases as a function 
of E/N all exhibit the same characteristic shape, that is a flat region at 
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low E/N followed by a pronounced rise in KQ to a peak at medium field 
strengths and then a swift fall off at the high E / N. In He the peak is 
barely perceptible; in CO^ a peak was observed, but the data did not ex­
tend to a large enough E/N to see the high-field fall off. A new, addi­
tional structure to the KQ versus E / N plot for appeared as a depres­
sion of the mobility at low to intermediate E / N. A similar depression 
of the ND was also observed. It was concluded that clustering could not 
Li 
account for the effect, nor could any systematic experimental error be 
held responsible. Hence it is interesting to speculate that inelastic 
collisions could possibly be causing the structure. 
Perhaps the most important application of the mobility results has 
23 
been in conjunction with the Viehland-Mason theory. New developments 
in the theory now make it possible to convert the field-dependent mobility 
data to a temperature-dependent omega integral. This conversion provides 
an experimental set of omega integrals which can be compared to ones cal­
culated by assuming a parameterized form of the potential. By varying 
the parameters to obtain a good match, one can determine quite a bit about 
the nature of the potential. It is fortunate that the theory is now 
available to take advantage of the extensive package of data that now 
exists. 
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APPENDIX I 
TABULATION OF MOBILITIES AND LONGITUDINAL 
DIFFUSION COEFFICIENTS 
In this appendix are tabulated the mobility and longitudinal 
diffusion coefficient results for K ions drifting in the nine gases: 
He, Ne, Ar, H 2, N 2 , 0 2 , CO, NO, and C0 2. The tabulated data on Ar, N 2, 
and CO have been published in a Technical Report of the Georgia Institute 
of Technology entitled: "The Mobility, Diffusion, and Clustering of K + 
Ions in Gases, Report II," by D. R. James, E. Graham IV, G. M. Thomson, 
J. H. Schummers, I. R. Gatland, and E. W. McDaniel, Dec. 1, 1972. The 
data on these three gases are included again here for completeness. 
The reduced mobility K_, drift velocity v,, ND , and D are listed 
U Q Li Li 
with the corresponding E/N, pressure, and gas temperature at which the 
measurements were made. The appropriate units are given at the head of 
each column. E/N, where E is the electric field intensity and N the 
number density of the gas, is expressed in units of the Townsend (Td), 
-17 2 
with 1 Td = 10 V-cm . The conversion between E / P ^ and E / N is given 
in Appendix II, number (2). 
At the given value of E/N appearing in the tables, the drift 
velocity v^ was determined from Equation (2-1). The mobility K is then 
the ratio v^/E, where E is the magnitude of the electric field intensity. 
Equation (1-2) is used to find the reduced mobility K^, which is the 
quantity reported in the table. The longitudinal diffusion coefficient 
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D is found by curve fitting the expression (2-5) to the experimental 
Li 
arrival time spectrum. 
Table 7. Transport Data for K Ions in Helium 
E / N Reduced Drift ND Pressure Temp. 
Mobility 
2 
cm
 ) 
VV-sec' 
Velocity L Li 
(Td) do4 -a-) 
sec 
19 / 
(10 /cm-sec) (craV sec) (Torr) C K ) 
1.01 21.4 0.583 1.55 979 0.491 298.8 
1.53 21.4 0.878 1.54 971 0.491 299.1 
1.77 21.6 1.03 1.54 1620 0.295 298.0 
2.04 21.5 1.18 1.54 970 0.491 299.1 
2.28 21.3 1.30 1.51 1580 0.295 297.9 
2.53 21.4 1.45 1.47 1150 0.393 297.8 
2.78 21.5 1.61 1.53 1610 0.295 298.1 
3.05 21.5 1.76 1.58 997 0.491 299.3 
3.05 21.6 1.77 1.53 965 0.491 299.4 
3.34 21.6 1.93 1.54 1610 0.295 298.0 
3.56 21.6 2.07 1.56 986 0.491 299.7 
3.79 21.6 2.21 1.65 1300 0.393 297.8 
4.07 21.4 2.34 1.57 992 0.491 299.5 
4.30 21.5 2.49 1.59 1250 0.393 298.0 
4.57 21.4 2.63 1.60 1680 0.295 299.0 
5.09 21.6 2.95 1.65 1740 0.295 299.8 
5.58 21.6 3.24 1.63 1710 0.295 298.9 
6.10 21.6 3.54 1.67 1760 0.295 299.2 
6.59 21.6 3.82 1.71 1350 0.393 298.7 
7.12 21.6 4.13 1.79 1890 0.295 299.6 
7.61 21.6 4.41 1.79 1410 0.393 299.0 
8.15 21.6 4.72 1.83 1930 0.295 299.7 
8.70 21.6 5.04 1.80 1890 0.295 298.1 
9.16 21.6 5.33 1.89 1990 0.295 299.8 
10.0 21.6 5.81 2.00 2110 0.295 299.5 
10.6 21.7 6.19 2.06 2160 0.295 298.5 
11.2 21.7 6.52 2.18 2290 0.295 299.0 
12.2 21.7 7.12 2.24 2350 0.295 299.6 
13.2 21.7 7.72 2.41 2530 0.295 299.4 
13.7 21.7 8.02 2.47 2600 0.295 299.4 
14.2 21.6 8.23 2.46 2580 0.295 298.3 
15.3 21.7 8.89 2.63 2770 0.295 299.8 
16.2 21.8 9.49 2.76 2900 0.295 298.6 
17.2 21.7 10.0 3.21 3360 0.295 298.3 
17.8 21.8 10.4 3.02 3170 0.295 298.8 
18.3 21.8 10.7 3.33 3500 0.295 298.7 
18.8 21.7 11.0 3.14 3300 0.295 299.0 
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Table 7. Continued 
E/N Reduced Drift ND^ D^ Pressure Temp. 
Mobility Velocity 
(Td) 
2 
cm 
^V-sec' 
(10 4 -SSL) 
sec 
(10^/cm-sec) (cra^/sec) (Torr) (°K) 
19.3 21.8 11.3 3.60 3780 0.295 299.0 
19.7 21.6 11.5 3.20 3360 0.295 298.0 
20.8 21.7 12.1 3.43 3600 0.295 298.4 
21.2 21.5 12.3 3.38 3540 0.295 297.8 
21.3 21.6 12.4 3.55 3730 0.295 299.1 
22.3 21.5 12.9 3.62 3790 0.295 298.3 
23.3 21.6 13.5 3.75 3940 0.295 298.7 
24.3 21.6 14.1 3.96 4160 0.295 299.0 
25.2 21.4 14.5 4.18 4380 0.295 297.5 
27.3 21.3 15.6 4.45 4650 0.295 297.7 
29.3 21.2 16.7 4.67 4890 0.295 298.0 
30.6 21.2 17.4 0.295 299.5 
35.6 20.8 19.9 5.21 8230 0.196 299.5 
40.6 20.3 22.1 5.70 5990 0.295 298.7 
50.8 19.5 26.6 6.53 10300 0.196 299.5 
76.4 17.5 35.8 8.43 13300 0.196 299.8 
91.6 16.5 40.5 9.70 15300 0.196 299.4 
102 16.1 44.0 10.5 33200 0,0982 299.5 
112 15.6 46.9 11.4 35900 0.0982 299.8 
152 14.0 57.1 14.5 104000 0.0982 298.2 
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Table 8. Transport Data for K Ions in Neon 
E/N Reduced Drift ND^ D^ Pressure Temp. 
Mobility Velocity 
2 
( T d )
 (V I^e7) ( 1 ° 4 ^  (1018/cm-sec) (cm2/sec) (Torr) (°K) 
1.26 7.48 0.254 5.41 425 0.393 298.0 
1.53 7.50 0.308 5.18 546 0.295 299.7 
1.62 7.44 0.323 5.35 559 0.295 297.3 
1.72 7.42 0.343 5.35 421 0.393 298.2 
1.82 7.41 0.362 5.26 549 0.295 296.9 
1.92 7.45 0.385 5.46 572 0.295 298.0 
2.03 7.41 0.404 5.13 538 0.295 298.4 
2.53 7.38 0.502 5.36 561 0.295 298.1 
2.78 7.42 0.554 5.40 567 0.295 298.4 
3.04 7.44 0.609 5.34 561 0.295 298.8 
3.30 7.42 0.657 5.32 559 0.295 298.6 
3.55 7.43 0.708 5.43 569 0.295 298.4 
4.05 7.41 0.806 5.38 563 0.295 297.7 
4.55 7.40 0.905 5.29 554 0.295 297.7 
5.06 7.43 1.01 5.62 589 0.295 298.3 
5.07 7.45 1.02 5.66 595 0.295 298.9 
5.58 7.41 1.11 5.66 594 0.295 298.6 
6.07 7.47 1.22 5.69 596 0.295 297.9 
6.60 7.45 1.32 5.90 621 0.295 299.2 
7.06 7.43 1.41 5.67 592 0.295 297.2 
8.07 7.41 1.61 5.64 589 0.295 296.9 
9.07 7.42 1.81 5.98 624 0.295 296.8 
10.1 7.44 2.03 6.41 672 0.295 298.6 
12.2 7.50 2.46 6.82 717 0.295 299.1 
14.2 7.55 2.88 7.26 765 0.295 299.4 
15.2 7.56 3.09 7.73 812 0.295 298.9 
17.2 7.61 3.52 8.62 905 0.295 298.6 
20.3 7.69 4.19 10.1 1060 0.295 298.8 
25.4 7.78 5.31 12.5 1310 0.295 299.1 
30.5 7.86 6.43 15.0 1580 0.295 299.1 
35.6 7.84 7.49 18.2 1920 0.295 299.5 
40.5 7.80 8.49 20.0 2100 0.295 298.2 
45.6 7.75 9.49 21.5 2250 0.295 298.3 
50.8 7.70 10.5 24.1 3800 0.196 299.0 
60.9 7.51 12.3 27.7 4360 0.196 299.0 
66.0 7.40 13.1 29.4 4630 0.196 299.2 
70.8 7.31 13.9 0.196 298.0 
81.1 7.11 15.5 33.9 7110 0.147 298.1 
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Table 8. Continued 
E/N Reduced Drift ND^ D^ Pressure Temp. 
Mobility Velocity 
(Td) 2 
cm 
^-sec' 
do4 -^ r) 
v
 sec' 
(10^/cm-sec) (cm^/sec) (Torr) (°K) 
91.2 6.89 16.9 36.6 7690 0.147 298.5 
101 6.71 18.3 0.147 299.0 111 6.52 19.5 41.1 12900 0.0982 298.0 152 5.92 24.2 52.9 16600 0.0982 298.1 172 5.74 26.6 60.1 25300 0.0736 298.8 182 5.63 27.6 62.9 26400 0.0736 298.6 192 5.54 28.6 66.8 28000 0.0736 298.4 203 5.43 29.6 69.0 28900 0.0736 298.1 
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T a b l e 9. T r a n s p o r t D a t a f o r K 1 " I o n s i n A r g o n 
E / N R e d u c e d D r i f t N D ^ P r e s s u r e T e m p . 
M o b i l i t y V e l o c i t y 
(Td) (-^ —) (10U ^ -) (10 1 8 /cm-sec) ( c m 2 / s e c ) ( T o r r ) ( ° K ) V - s e c s e c ' ' 
1.00 2.66 0.072 1.72 5^ .3 O.98U 301.0 1.26 2.68 0.090 1.8U 58. h O.98U 301. k 1.51 2.68 0.109 1.87 59.3 O.98U 301.9 2.01 2.65 O.1U3 1.75 55. h O.98U 300.9 2.95 2.6U O.209 1.81 7^ .9 0.750 299.8 3.50 2.66 O.250 1.89 79.^  0.738 300.0 U.oo 2.66 O.286 1.91 80.5 0.738 300.2 5.01 2.66 0.359 1.87 78.9 0.738 300.8 5.28 2.66 0.377 1.82 95. h 0.591 298.3 6.02 2.67 O.U32 1.88 79.^  0.738 301.1 2.67 0.535 1.91 78.8 0.750 298.7 9.0U 2.68 O.651 1.97 83.3 0.738 301.3 9.80 2.71 0.713 2.10 661 O.O98U 299.9 15.0 2.71 I.09 2.13 337 0.197 300.3 19.6 2.7U l.UU 2.30 725 O.O98U 299.9 25.2 2.72 1.8k 2.52 U00 0.197 302.3 30.0 2.75 2.21 2.78 U39 0.197 300.2 35.0 2.75 2.59 3.23 508 0.197 299.7 39.8 2.83 3.03 3.90 612 0.197 298. k U5.0 2.8U l.hk U.68 739 0.197 300.1 50.0 2.92 3.91 5.6U 1780 O.O98U 299.9 55.1 2.95 h.36 6.73 1060 0.197 300.6 60.0 3.01 U.86 7.83 2U70 O.O98U 300.0 
65.O 3.07 5.36 9.33 5890 O.OU92 300.1 70.2 3.13 5.90 10.6 3360 O.O98U 300.8 75.0 3.12 6.29 11.5 7260 O.0I+92 300.1 8O.3 3.19 6.89 13.3 U220 O.O98U 301.3 
85.I 3.20 7.33 lU.O 88U0 O.0U92 300.5 90.3 3.27 7.92 15.3 9650 O.0U92 300.9 100 3.29 8.87 17.5 55^0 O.O98U 300.8 110 3.29 9.76 19.2 12200 0.0^92 300.7 120 3.32 10.7 21.7 13700 O.0U92 301.2 130 3.31 11.6 23. h 1U800 O.0U92 300.3 1U0 3.28 12.3 2h.6 15500 O.0U92 299.7 150 3.23 13.0 25.6 16200 O.0U92 299.3 
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Table 9. Continued 
E/N Reduced Drift ND D Pressure Temp. Mobility Velocity L L 
( T d ) ( V ^ } { l ° k ^ (l°l8/cm-sec) (cm2/sec) (Torr) (°K) 
160 3.19 13.7 28.9 9080 0.0984 299.3 190 3.13 15.9 33.4 10500 0.0984 299.4 200 3.12 16.8 34.8 22000 O.Oif92 299.7 300 2.86 23.O 50.2 633OO 0.0246 299.6 399 2.63 28.2 67.4 84900 0.0246 299.2 475 2.49 31.8 81.1 102000 0.0246 298.4 581 2.35 36.7 1.03 130000 0.0246 298.8 610 2.32 38.O 122 155000 0.0246 301.9 
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Table 10. Transport Data for K + Ions in Hydrogen Gas 
E / N Reduced Drift ND Pressure Temp. 
Mobility Velocity L Li 
(Td) cm
2 
^V-sec' 
(10 4 -S2-) 
sec' 
(10^/cm-sec) (cm^/sec) (Torr) C K ) 
2.03 13.1 0.714 9.09 716 0.394 299.7 
2.53 13.1 0.894 0.296 299.7 
2.78 13.0 0.974 9.00 707 0.394 299.0 
3.04 13.0 1.07 0.296 300.0 
3.48 13.2 1.23 9.47 1490 0.197 299.5 
4.06 13.1 1.42 8.95 1410 0.197 300.2 
5.05 13.1 1.78 9.16 1450 0.197 300.4 
6.11 13.2 2.17 9.68 1530 0.197 300.3 
6.72 13.2 2.38 9.35 1470 0.197 300.0 
7.60 13.1 2.68 0.345 299.8 
8.10 13.2 2.86 9.34 1180 0.246 299.7 
9.11 13.1 3.21 9.46 1490 0.197 299.5 
10.1 13.1 3.57 9.84 1550 0.197 299.6 
12.2 13.1 4.32 9.90 1560 0.197 299.8 
14.6 13.2 5.17 10.4 1630 0.197 299.4 
16.7 13.2 5.89 10.7 1670 0.197 298.8 
18.2 13.2 6.47 11.2 1770 0.197 299.8 
22.3 13.3 7.99 12.4 1950 0.197 299.5 
25.3 13.4 9.08 13.8 1450 0.296 299.2 
28.9 13.5 10.5 15.2 1200 0.394 300.0 
33.4 13.6 12.2 18.0 1410 0.394 299.0 
37.4 13.8 13.9 21.7 1700 0.394 299.4 
40.5 13.9 15.1 24.2 2540 0.296 299.3 
45.6 14.3 17.5 31.4 2470 0.394 299.6 
50.6 14.6 19.9 40.1 4210 0.296 299.6 
55.6 15.0 22.4 51.2 5360 0.296 299.2 
60.8 15.4 25.2 65.0 6820 0.296 299.8 
65.6 15.8 27.8 77.2 9710 0.246 299.0 
71.0 16.3 31.1 91.4 14400 0.197 299.9 
75.7 16.5 33.5 105 13200 0.246 299.0 
81.3 16.9 36.8 111 17400 0.197 300.2 
85.9 17.0 39.2 116 18300 0.197 299.1 
92.2 17.1 42.4 120 19000 0.197 299.7 
95.9 17.2 44.2 125 22500 0.172 298.9 
101 17.2 46.9 122 25600 0.148 300.2 
111 17.2 51.4 132 27600 0.148 298.9 
127 16.9 57.3 143 30100 0.148 299.7 
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Table 10. Continued 
E / N 
(Td) 
Reduced 
Mobility 
2 
cm 
vV-sec' 
Drift 
Velocity 
(io 4 — ) 
v
 sec' 
ND 
Li 
18 
(10 /cm-sec) 
D L 
(cm^/sec) 
Pressure 
(Torr) 
Temp. 
(°K) 
152 16.3 66.6 162 40800 0.123 300.2 
177 15.7 74.7 186 58600 0.0985 299.4 
202 15.2 82.2 207 65300 0.0985 300.3 
227 14.6 89.1 256 94700 0.0838 299.3 
254 14.1 95.9 284 120000 0.0739 300.4 
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T a b l e 11. T r a n s p o r t D a t a f o r K I o n s i n N i t r o g e n 
E / N R e d u c e d D r i f t N D ^ D ^ P r e s s u r e T e m p . 
M o b i l i t y V e l o c i t y 
( T d ) ( V ^ ) { l ° k f f c ^ ( I 0 l 8 / c m - s e c ) ( c m 2 / s e c ) ( T o r r ) ( ° K ) 
3.95 2.53 .268 1.74 84.9 0.636 300.2 4.26 2.53 .289 1.70 89.6 0.591 300.4 4.92 2.51 .332 1.74 84.9 0.636 299.2 5.28 2.53 .360 1.74 91.1 0.591 298.9 5.90 2.53 .401 1.75 127 0.424 298.8 6.36 2.54 .433 1.78 l4o 0.39^  299.5 6.87 2.53 .467 1.80 262 0.212 298.4 7.4l 2.53 .503 1.78 280 0.197 298.8 7.88 2.54 .538 1.76 129 0.424 299.4 8.48 2.54 .579 1.80 142 0.39^  299.7 8.84 2.53 .601 1.81 132 0.424 298.5 9.80 2.54 .669 1.84 268 0.212 298.0 9.86 2.55 .675 1.85 135 0.424 299.8 10.5 2.54 .717 1.83 287 0.197 298.7 10.6 2.54 .725 1.82 144 0.39^  300.6 11.8 2.54 .806 1.80 132 0.424 299.2 12.3 2.55 .839 1.86 271 0.212 297.9 12.8 2.56 .880 1.82 144 0.39^  301.0 13.2 2.54 .901 1.83 293 0.197 298.1 13.8 2.55 .9^ 4 1.83 134 0.424 299.2 14.8 2.54 1.01 1.96 572 0.106 299.0 14.8 2.55 1.02 1.86 l47 0.39^  299.6 15.8 2.55 1.08 1.92 l4i 0.424 299.3 15.9 2.54 1.08 1.92 603 0.098 298.4 17.1 2.54 1.17 1.87 272 0.212 297.7 17.8 2.55 1.22 1.89 139 0.424 299.9 18.4 2.54 1.26 1.93 302 0.197 297.8 19.7 2.56 1.35 1.98 578 0.106 298.8 19.8 2.55 1.36 1.95 143 0.424 300.1 21.1 2.54 1.44 2.04 629 0.0984 298.1 24.5 2.55 1.68 2.04 296 0.212 297.5 29.5 2.56 2.03 2.22 650 0.106 298.7 34.3 2.56 2.35 2.31 335 0.212 297.5 39.3 2.60 2.74 2.72 795 0.106 298.7 44.1 2.57 3.04 2.77 402 0.212 297.5 49.1 2.6l 3.45 3.14 918 0.106 298.7 54.0 2.60 3.77 3.4l 496 0.212 298.3 59.1 2.6l 4.15 3.74 1090 0.106 299.4 63.8 2.62 4.49 4.21 6l4 0.212 298.2 68.9 2.65 4.91 4.75 1390 0.106 298.9 
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Table 11. Continued 
E / N R e d u c e d D r i f t N D 
D L 
P r e s s u r e T e m p . 
M o b i l i t y V e l o c i t y 
2 
c m yV-secJ 
(10U 22_) 
s e c 
18 
(10 / c m - s e c ) 
( c m 2 / s e c ) ( T o r r ) ( ° K ) 
73.6 2.65 5.21+ 5.09 7I+I 0.212 298.1 
78.7 2.68 5.67 5.87 1710 0.106 298.9 83.3 2.61+ 5.91 5.97 87O 0.212 297.9 88.5 2.72 6.1+6 7.23 2110 0.106 298.9 98.h 2.77 7.32 8.95 2620 0.106 299.0 110 2.81 8.32 11.1 321+0 0.106 298.1 123 2.86 9.^ 3 13.2 3860 0.106 298.3 135 2.91 10.6 15.8 1+600 0.106 298.7 
ll+7 2.9k 11.6 18.5 5390 0.106 298.0 159 2.99 12.8 21.0 6110 0.106 298.0 172 2.99 13.8 22.6 6630 0.106 298.0 18k 3.01 Ik.9 25.7 7I+8O 0.106 298.2 239 3.05 19.6 36.6 23200 0.01+92 300.1+ 266 3.06 21.9 1+3.1 27200 0.01+92 300.3 318 2.95 25.2 51.0 32200 0.01+92 299.8 372 2.88 28.8 60.8 38I+OO 0.01+92 300.1 1*26 2.81 32.2 65.2 82500 0.021+6 300.9 1+78 2.73 35.0 75.2 95100 0.021+6 300.1+ 531 2.67 38.0 86.3 109000 0.021+7 300.7 58I+ 2.6l 1+1.0 98.8 125000 0.021+6 300.2 636 2.5I+ 1+3.1+ 108 137000 0.021+6 299.7 
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Table 12. Transport Data for K + Ions in Oxygen Gas 
E / N Reduced Drift ND \ Pressure Temp. 
Mobility Velocity Li Li 
(Td) 
2 
cm 
vV-sec' 
(10 4 
sec 
(10^/cm-sec) (cm^/sec) (Torr) (°K) 
3.04 2.72 0.222 0.491 298.5 
3.55 2.73 0.260 0.491 298.7 
4.05 2.72 0.296 0.491 298.4 
5.06 2.73 0.370 0.491 298.3 
6.09 2.73 0.446 0.295 299.1 
7.10 2.73 0.520 0.295 298.6 
8.10 2.72 0.592 0.295 298.5 
9.12 2.71 0.665 0.295 298.5 
10.1 2.72 0.739 0.295 298.4 
11.2 2.73 0.818 0.295 298.6 
12.2 2.74 0.895 0.295 298.7 
13.7 2.75 1.01 0.295 299.2 
15.1 2.71 1.10 0.295 297.6 
20.2 2.72 1.48 0.295 297.3 
25.3 2.74 1.86 0.295 297.6 
30.4 2.76 2.25 0.295 298.1 
35.2 2.76 2.60 2.76 288 0.295 296.4 
40.3 2.82 3.05 3.31 345 0,295 296.9 
45.1 2.86 3.47 3.81 396 0.295 295.4 
50.4 2.85 3.85 4.39 458 0.295 297.1 
55.3 2.89 4.30 0.295 297.0 
60.7 2.95 4.81 6.06 634 0.295 297.9 
70.9 3.06 5.82 8.45 1328 0.196 298.2 
80.9 3.13 6.80 10.7 1680 0.196 298.0 
92.1 3.23 7.99 13.5 2120 0.196 298.1 
101 3.32 9.05 15.7 3310 0.147 298.9 
111 3.36 10.0 18.3 2880 0.196 297.3 
121 3.41 11.1 20.4 4270 0.147 297.4 
131 3.45 12.2 22.8 4770 0.147 297.6 
141 3.47 13.2 24.6 5150 0.147 297.6 
151 3.49 14.1 26.2 8170 0.0982 295.7 
161 3.47 15.0 27.6 8650 0.0982 296.9 
172 3.46 16.0 29.3 9170 0.0982 297.2 
187 3.47 17.4 31.3 9820 0.0982 297.4 
203 3.46 18.8 35.1 11000 0.0982 298.4 
227 3.39 20.7 36.8 15400 0.0736 298.0 
253 3.32 22.6 39.1 16400 0.0736 298.3 
279 3.24 24.3 41.9 17600 0.0736 298.6 
302 3.18 25.8 44.5 27900 0.0491 297.1 
328 3.13 27.6 49.6 31100 0.0491 297.2 
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T a b l e 13. T r a n s p o r t D a t a f o r K I o n s i n C a r b o n M o n o x i d e 
E / N R e d u c e d D r i f t N D ^ D ^ P r e s s u r e T e m p . 
M o b i l i t y V e l o c i t y 
( T d ) ( V ^ } {l°k l i e 0 ( l o l 8 / c m - s e c ) ( c m 2 / s e c ) ( T o r r ) ( ° K ) 
3.94 2.31 0.245 1.76 69 0.795 301.4 5.02 2.29 0.310 1.53 89 0.530 299.9 5.91 2.31 0.366 1.69 66 0.795 301.0 6.70 2.30 0.4l4 1.64 96 0.530 300.0 7.87 2.29 0.483 1.52 60 0.795 300.4 8.83 2.29 0.545 1.61 63 0.795 300.0 10.0 2.31 O.623 1.66 97 0.530 299.7 10.0 2.28 O.616 1.62 237 0.212 299.7 13.4 2.30 O.830 1.68 99 0.530 300.4 15.0 2.31 O.930 1.70 248 0.212 298.3 20.1 2.31 I.25 1.73 255 0.212 300.3 20.1 2.31 I.25 1.76 104 0.530 300.5 25.1 2.31 1.56 1.85 270 0.212 299.6 30.1 2.31 1.86 1.91 278 0.212 299.4 30.2 2.32 1.88 1.99 117 0.530 300.5 
4o.i 2.30 2.48 2.15 314 0.212 299.1 40.2 2.32 2.50 2.09 307 0.212 300.0 50.2 2.32 3.12 2.72 399 0.212 299.5 50.2 2.33 3.14 2.52 369 0.212 299.5 60.2 2.32 3.75 2.93 428 0.212 299.4 70.1 2.35 4.42 3.59 524 0.212 299.1 80.2 2.39 5.16 4.63 677 0.212 299.3 90.2 2.38 5.77 5.29 772 0.212 299.0 100 2.45 6.60 7.12 4170 0.053 299.6 125 2.51 8.42 10.5 6130 0.053 298.4 134 2.54 9.13 12.2 7160 0.053 299.8 151 2.58 10.43 14.7 8590 0.053 299.5 175 2.65 12.47 19.2 11200 0.053 298.6 201 2.73 14.69 25.9 15200 0.053 299.3 225 2.74 16.59 27.9 I63OO 0.053 298.8 248 2.74 18.24 32.8 38500 0.026 300.4 251 2.78 18.76 33.9 19800 0.053 299.^  275 2.75 20.35 36.4 21200 0.053 298.9 275 2.74 20.32 35.2 20600 0.053 299.2 298 2.74 21.95 40.3 47200 0.026 300.1 301 2.74 22.13 38.5 23300 0.053 299.6 344 2.73 25.23 51.4 60000 0.026 298.6 395 2.68 28.48 55.4 64900 0.026 299.7 442 2.66 31.56 68.1 80900 0.026 298.8 493 2.6l 34.58 76.3 89300 0.026 299.7 54l 2.54 36.95 92.9 109000 0.026 299.3 593 2.48 39.54 94.2 111000 0.026 300.1 640 2.46 42.21 0.026 299.5 
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Table 14. Transport Data for K Ions in Nitric Oxide 
E/N Reduced Drift ND^ D^ Pressure Temp. 
Mobility Velocity 
2 
< T D ) ^ F T ^ ( 1 Q 4 ^ (1018/cm-sec) ( c m 2/sec) (Torr) (°K) 
2.03 2.29 0.125 0.491 299.2 
2.03 2.28 0.124 0.491 298.7 
3.05 2.28 0.187 0.491 298.9 
3.54 2.27 0.216 0.491 298.2 
3.55 2.28 0.218 0.295 298.7 
4.05 2.27 0.248 0.491 298.6 
4.55 2.26 0.277 0.491 298.0 
5.21 2.20 0.308 0.491 298.6 
6.09 2.27 0.372 0.491 299.2 
6.58 2.28 0.402 0.295 298.2 
7.10 2.28 0.435 0.491 298.8 
7.58 2.27 0.462 0.295 297.7 
8.11 2.28 0.496 0.491 298.5 
8.59 2.28 0.526 0.295 297.5 
9.11 2.27 0.556 0.491 298.4 
9.58 2.26 0.582 0.295 297.3 
10.1 2.27 0.617 0.295 298.3 
11.1 2.26 0.676 0.295 297.7 
12.1 2.27 0.741 0.295 298.1 
14.2 2.28 0.868 0.295 298.1 
16.2 2.27 0.990 0.295 298.3 
18.3 2.28 1.12 0.295 298.7 
20.3 2.28 1.24 0.295 299.0 
22.3 2.28 1.36 0.295 298.4 
24.3 2.28 1.49 0.295 298.6 
26.4 2.28 1.62 0.295 298.7 
28.4 2.29 1.75 1.94 204 0.295 299.1 
30.6 2.29 1.89 2.00 210 0.295 299.3 
35.5 2.28 2.18 2.07 217 0.295 298.5 
40.6 2.29 2.49 2.27 239 0.295 298.6 
45.7 2.30 2.82 2.52 265 0.295 298.8 
50.5 2.27 3.08 2.52 395 0.196 297.4 
55.6 2.29 3.42 2.89 454 0.196 297.8 
60.7 2.31 3.77 3.15 495 0.196 298.1 
65.9 2.33 4.12 3.65 574 0.196 298.6 
70.8 2.33 4.43 3.89 611 0.196 298.1 
76.0 2.35 4.79 4.41 693 0.196 298.3 
81.1 2.37 5.16 4.97 782 0.196 298.5 
91.5 2.41 5.91 6.22 980 0.196 298.9 
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Table 14. Continued 
E / N Reduced Drift ND \ Pressure Temp. 
Mobility Velocity Li 
Li 
(Td) 
2 
cm KV-secJ (10
4 
sec 
(10^/cm-sec) (cm^/sec) (Torr) ( ° K ) 
101 2.45 6.67 7.94 2500 0.0982 298.2 
112 2.53 7.57 9.80 3090 0.0982 298.8 
122 2.55 8.34 11.7 3680 0.0982 298.3 
132 2.62 9.28 14.3 4500 0.0982 298.8 
142 2.65 10.1 16.2 5090 0.0982 298.5 
152 2.68 10.9 18.0 5660 0.0982 298.5 
162 2.74 11.9 20.3 6370 0.0982 298.0 
172 2.77 12.8 23.5 7390 0.0982 298.7 
182 2.81 13.7 24.2 7610 0.0982 298.2 
193 2.83 14.7 26.0 8200 0.0982 299.2 
203 2.85 15.5 28.3 8900 0.0982 298.4 
215 2.86 16.5 30.6 9630 0.0982 298.4 
228 2.88 17.6 32.0 10100 0.0982 298.7 
253 2.90 19.7 36.3 22900 0.0491 298.5 
277 2.89 21.5 40.2 25200 0.0491 297.1 
289 2.93 22.8 0.0491 299.1 
304 2.88 23.6 43.7 27500 0.0491 298.8 
330 2.89 25.7 0.0491 299.4 
331 2.87 25.5 47.0 29300 0.0491 295.5 
353 2.82 26.7 50.3 31500 0.0491 297.3 
404 2.77 30.1 57.9 36400 0.0491 297.5 
455 2.71 33.1 68.4 43000 0.0491 297.9 
503 2.67 36.1 77.8 70000 0.0344 298.6 
556 2.61 38.9 79.7 71500 0.0344 297.7 
609 2.55 41.7 89.3 80500 0.0344 299.1 
703 2.49 47.1 1 1 6 . 0 104000 0.0344 299.3 
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Table 15. Transport Data for K Ions in Carbon Dioxide 
E/N Reduced Drift ND^ D^ Pressure Temp. 
Mobility Velocity 
2 
( T d )
 ( V ^ e 7 } ^ (1017/cm-sec) (cm2/sec) (Torr) (°K) 
10.1 1.45 0.395 0.0982 300.1 
11.2 1.45 0.435 10.4 439 0.0736 300.2 
12.2 1.44 0.471 0.0736 299.7 
12.2 1.44 0.471 0.0982 299.5 
13.2 1.44 0.509 10.7 451 0.0736 299.2 
13.3 1.45 0.515 0.0982 300.6 
14.2 1.44 0.552 0.0736 299.4 
14.3 1.44 0.555 0.0982 301.1 
15.2 1.44 0.590 10.8 456 0.0736 299.9 
15.3 1.45 0.598 0.0736 300.4 
16.3 1.43 0.627 10.4 329 0.0982 300.1 
16.4 1.44 0.635 0.0982 301.4 
17.3 1.43 0.665 10.4 330 0.0982 299.7 
17.4 1.45 0.675 0.0736 300.8 
18.4 1.45 0.720 0.0736 301.5 
19.4 1.45 0.755 0.0736 300.9 
19.4 1.45 0.755 0.0982 300.4 
20.2 1.45 0.789 10.6 669 0.0491 299.2 
20.4 1.45 0.797 11.0 468 0.0736 301.2 
20.9 1.45 0.816 11.0 466 0.0736 300.7 
22.6 1.45 0.879 11.1 471 0.0736 302.0 
23.0 1.46 0.898 0.0736 301.0 
24.5 1.44 0.949 0.0736 300.9 
24.5 1.45 0.958 0.0736 301.6 
25.5 1.45 0.991 11.3 479 0.0736 300.6 
26.6 1.42 1.02 10.7 452 0.0736 301.0 
28.6 1.45 1.11 0.0736 301.2 
29.6 1.45 1.15 11.4 484 0.0736 300.9 
30.7 1.44 1.19 0.0982 301.4 
31.6 1.45 1.23 0.0982 300.7 
32.8 1.44 1.27 11.3 479 0.0736 302.0 
34.3 1.44 1.33 11.5 489 0.0736 301.4 
35.6 1.43 1.37 11.4 483 0.0736 299.7 
37.7 1.43 1.45 11.4 481 0.0736 299.9 
40.4 1.44 1.56 0.0736 301.2 
40.7 1.43 1.57 12.1 510 0.0736 300.1 
42.8 1.43 1.65 12.0 509 0.0736 300.5 
43.9 1.45 1.71 12.2 517 0.0736 300.9 
45.9 1.44 1.78 12.4 522 0.0736 300.6 
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Table 15. Continued 
E/N Reduced Drift ND^ D^ Pressure Temp. 
Mobility Velocity 
2 
< T d> (v^T^) < 1 q 4 7^> (1017/cm-sec) (cm2/sec) (Torr) ( ° K ) 
47.9 1.43 1.85 0.0736 300.8 
49.0 1.43 1.88 12.5 395 0.0982 300.3 
50.6 1.42 1.93 12.4 524 0.0736 299.4 
53.0 1.42 2.03 12.8 405 0.0982 300.2 
53.1 1.43 2.04 0.0982 301.2 
55.9 1.42 2.13 12.8 404 0.0982 300.1 
57.2 1.42 2.18 0.0982 301.1 
57.2 1.42 2.19 13.2 419 0.0982 300.9 
61.4 1.42 2.34 13.7 436 0.0982 301.0 
64.3 1.42 2.45 14.0 446 0.0982 301.0 
68.5 1.42 2.61 14.5 460 0.0982 301.3 
71.7 1.42 2.73 14.7 468 0.0982 301.7 
75.9 1.40 2.85 15.2 478 0.0982 298.3 
81.0 1.39 3.03 15.3 482 0.0982 298.7 
86.1 1.39 3.22 16.3 512 0.0982 298.7 
91.7 1.39 3.42 16.9 532 0.0982 299.0 
96.2 1.37 3.54 17.4 274 0.196 298.8 
99.8 1.39 3.72 18.7 588 0.0982 298.9 
101 1.38 3.74 18.1 570 0.0982 298.6 
107 1.38 3.94 18.8 593 0.0982 299.2 
115 1.36 4.20 20.0 629 0.0982 298.7 
115 1.37 4.22 20.6 649 0.0982 299.0 
115 1.37 4.22 20.4 643 0.0982 299.0 
115 1.36 4.20 19.7 622 0.0982 300.0 
115 1.37 4.23 20.3 642 0.0982 299.4 
117 1.37 4.31 21.4 676 0.0982 299.7 
127 1.37 4.67 23.6 746 0.0982 300.0 
137 1.36 5.01 24.6 776 0.0982 299.4 
149 1.36 5.44 28.2 888 0.0982 298.8 
152 1.36 5.56 28.6 902 0.0982 299.4 
152 1.35 5.51 28.6 900 0.0982 298.5 
167 1.36 6.07 32.7 1030 0.0982 298.8 
178 1.35 6.45 37.9 1200 0.0982 299.7 
193 1.35 6.98 42.7 1350 0.0982 298.7 
202 1.34 7.26 45.7 1440 0.0982 298.2 
218 1.36 7.92 55.2 2320 0.0736 298.1 
228 1.37 8.37 62.2 2610 0.0736 298.5 
243 1.38 8.98 73.1 3060 0.0736 298.1 
253 1.39 9.44 83.5 3510 0.0736 298.9 
268 1.39 9.99 97.7 4730 0.0638 298.5 
278 1.41 10.5 111 5370 0.0638 298.9 
279 1.41 10.6 112 5890 0.0589 299.2 
Ill 
Table 15. Continued 
E / N 
(Td) 
Reduced 
Mobility 
2 
cm 
vV-sec' 
Drift 
Velocity 
do4 c m ) 
v
 sec7 
ND 
J-i 
(10^/cm-sec) 
D L 
(cm^/sec) 
Pressure 
(Torr) 
Temp. 
C K ) 
299 1.45 11.7 141 8890 0.0491 299.0 
305 1.45 11.9 146 7690 0.0589 299.4 
317 1.47 12.5 166 10400 0.0491 298.5 
329 1.47 13.0 182 11500 0.0491 299.1 
344 1.51 13.9 209 13200 0.0491 298.5 
355 1.51 14.4 240 15100 0.0491 299.1 
381 1.54 15.8 278 17500 0.0491 299.4 
406 1.58 17.3 322 20300 0.0491 299.4 
430 1.61 18.6 370 23300 0.0491 298.1 
445 1.64 19.6 392 30800 0.0393 297.9 
455 1.64 20.0 417 26200 0.0491 297.9 
474 1.67 21.2 438 34400 0.0393 297.5 
494 1.67 22.2 463 36700 0.0393 300.5 
505 1.69 22.9 498 39300 0.0393 299.1 
521 1.68 23.6 498 45000 0.0344 300.0 
556 1.72 25.7 566 50900 0.0344 298.2 
583 1.74 27.2 591 53200 0.0344 298.9 
605 1.73 28.2 607 54500 0.0344 297.6 
620 1.73 28.7 626 65900 0.0295 299.4 
650 1.74 30.4 659 69300 0.0295 299.3 
684 1.74 31.9 682 71600 0.0295 298.6 
708 1.74 33.0 704 73800 0.0295 298.1 
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APPENDIX II 
USEFUL FORMULAS 
Collected in this appendix are some of the more useful formulas 
which appear in drift tube work. Many of the equations also occur in 
the text, in which case the appropriate equation number is given. The 
following units are used consistently throughout: 
2 1 1 
K in cm /V-sec ND, ND , ND in cm" sec" 
U Lt JL 
4 / 
v^ in 10 cm/sec M, m in amu 
1 7 9 
E/N in Td (= 10" V-cm ) T, T in degrees Kelvin 
N in cm (1) Einstein (or Nernst-Townsend) Relation 
ND - 2.315 x 1 0 1 5 K Q T (3-13b) 
(2) E / P Q Conversion to E / N 
E/N = 2.829 x (^-), 
where E / P ^ is in v/cm-Torr. 
(3) Number Density of Neutral Gas Using Ideal Gas Law 
N = 9.657 x 10 ^ , 
where P is the neutral gas pressure in Torr and T is the temperature, 
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(4) Mean Free Path Using the Viehland-Mason Omega Integral 
-6 V d ^ W * T 
X = 2.082 x 10 ~ — 
= P 
where the mean free path A is in cm and the gas pressure P is in Torr 
(5) Average Ionic Energy from the Wannier Theory at 300° Kelvin 
2 
Energy = 0.039 + 3.742 x 10" 8 (M + m) (|) K Q 2 , 
where the energy is in eV. 
(6) Drift Velocity 
v d = 0.02687 K Q I- (1-3) 
(7) Langevin Polarization Limit for the Zero-Field Reduced Mobility 
[K Q(0)] p = 35.9/(u.c0* , (3-6) 
where (j, = mM/(m + M) is the reduced mass in units of the proton mass; a 
3 
is the polarizability in atomic units, a^, with a = 1 Bohr radius. 
Another useful form of this equation is 
[K Q(0)] p = 13.876/(^a)* 
3 ° -8 
with a in I (1 A = 10 cm) and p, is amu. 
(8) Original, Unmodified, Wannier Diffusion Equations with Constant 
T for the Pure Polarization Model 
s 
ND L = 2.315 x 1 0 1 5 K Q(0) T + 6.701 x 1 0 U (3-18) 
x 
M(M + 3.72m) /E\
 { , CM + 1.908m) UJ LKQC0)J 
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N D T = 2.315 x 1 0 1 5 K (0) T + 6.701 x 1 0 1 1 (3-19) 
M(M + m ) _ /E\ r -,3 
(M + 1.908m) W L K 0 ( 0 ) J > 
where m is the ion mass, M the gas mass, and K^(0) is the zero-field re­
duced mobility. 
(9) Modified Wannier Longitudinal Diffusion Equation for Polarization 
Model 
ND = 2.315 x 1 0 1 5 K (0) T + 0.3455 x 1 0 1 7 (3-21) 
J_* u 
3 
M(M + 3.72m) V d 
X
 (M + 1.908m) ^ 
In terms of the reduced mobility 
ND = 2.315 x 1 0 1 5 K (0) T + 6.701 x 1 0 U (3-18) 
M(M + 3.72m) /EN rK,E/Ns-,3 
(M + 1.908m) W L Ko ( E/N ) J > 
where K Q ( E / N ) is the reduced mobility at a particular E / N and is not 
the constant zero-field reduced mobility K^(0). 
(10) Omega Integral from Viehland-Mason Theory 
n -a, 1 ) ( T e f f ) = 4 9 7 , ( ^ ) ( i ( f ) 
d ^ err 
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T T f 0.4009 Mv 2 (3-29) 
erf d 
where n ( 1 , 1 )(? e f f) is in A and z = the number of elementary charges on 
the ion. is the drift velocity at the value E / N and temperature T. 
In terms of the reduced mobility 
iT<1-1)(Teff) = 1.851 x 10 4 (^— f ^ - ^ ^ . 
Here K Q ( E / N , T ) is the reduced mobility measured at a specific E / N and 
gas temperature T corresponding to the drift velocity v^ used in the cal­
culation of T
 c c . 
ef f 
(11) Zero-Field Reduced Mobility at Gas Temperature Derived from 
Drift Velocity as a Function of E / N 
V°' TefP = 3 7 ' 2 1 ^ ( 3 _ 3 2 ) 
Here KQ(0, ^eff) i-s t n e zero-field reduced mobility for a neutral gas 
temperature of T as calculated in (10) above. 
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